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Abstract 

The effective field theory of the minimal Low Scale Orientifold Models is devel- 
oped. It describes universal features of related orientifold vacua in string theory. It 
contains, beyond the Standard Model fields, an MSSM-like Higgs sector and three 
anomalous (massive) U(l) gauge bosons. All renormalizable couplings are included 
as well as some dimension-five couplings that are important for anomaly cancella- 
tion. The Higgs symmetry breaking induces mixing between the anomalous U(l) 
gauge bosons and the photon and Z°. This mixing as well as the anomaly gener- 
ated cubic vector boson couplings is potentially important for discriminating such 
models from other theories containing Z's. Some interesting tree- level processes are 
also evaluated. 
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Referenced 68 

1 Introduction 

String theory owes its popularity and promise to the fact that it includes consistently 
gravity along with other gauge interactions. The most explored set of vacua in string the- 
ory have a string scale that is close to the four- dimensional Planck scale. All successful 
heterotic vacua, whether perturbative, or M-theoretic have this property. This is appeal- 
ing due to indications from running coupling unification. On the other hand, no simple 
reliable predictions are possible without a detailed vacuum, that is sufficiently close to 
the Standard Model (SM) at low energy. Although there are some heterotic vacua that 
come close PQ E] , it is fair to say that none so far has passed all tests in a controllable 
fashion. Moreover, to put it simply, it is hard to see string effects at E ~ ITeV when 
M s ~ 10 13 TeV. 

In the past decade, other perturbative vacua of string theory have been explored. A 
particularly interesting class are orientifold vacua [HIEIIII, that in their broad sense are 
compactifications of the type I string. Their generic structures involves a compact six 
dimensional manifold or orbifold thereof, times a Minkowski space. The more general 
option, relevant in the presence of fluxes may warp Minkowski space. The internal space 
is threaded with D p > 3 branes and Orientifold planes that stretch along Minkowski space 
and have their potential extra dimensions wrapped around cycles of the internal manifold. 

Because of this, there is no direct link between the string scale and the four- dimensional 
Planck scale. By adjusting (if possible) the internal volumes any possible number for 
M s < Mp can be obtained [El El- Of course, especially in the absence of supersymmetry, 
volumes along with other moduli acquire potentials, and their values are determined 
dynamically. It has been argued that there may be vacua where the string scale could be 
as low as 1 TeV although to the present day, no reliable such vacuum exists. 

There has been quite a bit of success though in model building so far with a high 
string scale (see ^Hl El E] and references therein), although, as in the heterotic case, 
there is no perfect vacuum yet. 

Low scale string vacua, have the undeniable charm that there may be amenable to 
experimental tests. Even though, as already stated, there may be no such model at present 
solving the tadpoles conditions, their general structure has characteristic features, and 
experimental signals that are essentially generic. The purpose of the present work is to 
formulate and parameterize the generic low energy action of the most interesting class of 
such vacua, that we call minimal Low Scale Orientifold Models or mLSOM for short. Such 
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an effective action can help both the string theory search for such vacua, currently under 
way as well as the parametrization and computation of experimental observables. 

Orientifold vacua have a conceptual simplification build in: there is a clear separation 
typically between the open string spectrum, coming from the D-branes, and the "bulk" 
spectrum coming from the unoriented closed strings. The graviton is part of the bulk 
spectrum, whereas the branes give rise to particles at the massless sector with spin at 
most one. 

The standard model gauge group and other particles is naturally realized on the D- 
branes rather than the bulk. There are several reason for this. A simple and powerful 
one is that it is not possible to realize the non-abelian structure of the SM including its 
reps in type II string theory [To] 

The gauge group coming from the D-branes is a product of classical but not excep- 
tional groups, each factor coming from a stack of branes at the same point in transverse 
space. The minimal gauge groups that can accommodate the standard model particles 
areU(3)xU(2)xU(l), and U(3) xU(2) xU(l) xU(l)' jTEl UHl HH1 - There are variants where 
U(2)— >Sp(2)~SU(2), and U(l)— >0(2). There will be in general a hidden group, that for 
the whole paper we will neglect, although it may be important (depending on the model) 
for issues of supersymmetry breaking. Of course one may consider more complicated 
groups. The Pati-Salam like group U(4)xU(2) 2 is the simplest example. However unlike 
field theory, here the minimal groups are more advantageous, since the larger ones must 
be eventually broken and we should be able to describe them directly in their broken 
phase. 

There is an obvious observation: all such embeddings involve U(l) factors that are 
more numerous than what we know in the SM, namely the hypercharge JE]- It is also 
known that many U(l)'s can be anomalous in orientifolds [2U|. Anomalies cancel, although 
the appropriate charge traces are non-zero, thanks to variants of the Green-Schwarz mech- 
anism PJJ. It is known that anomalous U(l)s become eventually massive, and the asso- 
ciated gauge symmetry is broken. Under certain conditions, the global symmetry may 
remain unbroken in perturbation theory (see [22| for a review). It is then hoped that all 
extra U(l)'s except the hypercharge become hopefully massive. In fact, this is generically 
the case 1 . 

The anomalous U(l) masses, can be calculated unambiguously via a one-loop (annulus) 
computation j2Sl 123 EH] ■ A rich pattern of masses appears. It turns out that the physical 
masses are bounded above by the string scale, but can be arbitrarily low, if some internal 
dimensions are large. In the generic case however they turn out to be a few times smaller 
than M s , if one includes, 7r's and i's. 

1 Aspects of the effective theory of anomalous U(l)s have been analyzed in |26| . 
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In fact, the anomalous U(l)'s gauge bosons have essentially all their renormalizable 
couplings fixed by charges and anomalies. Apart from their minimal couplings, they mix 
with appropriate bulk axions, that couple to other gauge fields via PQ-type couplings. 
They also have most of the time, cubic Chern Simons-like interactions due to anomalies 
|28j . The effective cubic couplings together with the non-zero triangle diagrams, provide 
an effective cubic vertex to the anomalous U(l)s gauge bosons. This effect is absent from 
usual non- anomalous Z's. They may have therefore signals that distinguish them from 
other Z' candidates, [23 EOl EH]- Moreover, due to the fact that the Higgs is always 
charged under such anomalous U(l)'s the Z's mix with the Z° gauge boson. Therefore, 
the photon and the Z° acquire a (suppressed) cubic vertex. 

If the string scale is in the TeV range, such anomalous U(l)'s are prime candidates for 
detection. At the same time, they provide many contributions to known processes, that 
could exclude ranges of the parameters (Z-couplings [32], [33], [31j and g — 2 [33] being 
two examples that have been partially studied so far). 

Apart from the SM spectrum and the anomalous U(l) gauge bosons, there are other 
low-energy particles in the orientifold vacua with low string scale. We will enumerate 
them below and describe briefly their characteristics. 

• Additional Higgses. Higgses typically come in pairs, even if supersymmetry is broken 
at the string scale. The large scale study of (211 based on the hypercharge embedding 
of |HZ], [SB], shows that there are different vacua with a variable number of doublets. 
Of course there should be at least one. And for simplicity we assume that there are 
no others around. 

• Superpartners of the SM particles. Depending on the way supersymmetry is broken, 
they may have masses that are well below, to around the string scale. In fact, in 
low scale orientifold models, the most natural way of breaking supersymmetry is 
the " explicit breaking" which gives M s as the susy breaking scale. In such a case 
the partners have masses at the string scale and they are typically heavier than the 
anomalous U(l) gauge bosons, with the possible exception of the higgsinos. 

• Non-chiral massless states. There are no such states in the SM therefore they must 
be somehow lifted in mass. It is possible, combining intersecting branes with Scherk- 
Schwarz deformations to actually remove all such states from the massless spectrum 
[3J. 

• Possible hidden groups, encompassing all other massless-level open string states that 
do not directly interact (by construction) with the SM particles. 
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• Open string KK-states. Some of the branes may wrap internal dimensions. As 
explained in jTTj, when the string scale is low, the most advantageous configuration 
has two large dimensions. All others have size at most twice the string length. 
Moreover all SM particles wrap the small dimensions. Therefore, their KK states 
have masses at the string scale. There are two exceptions. The first is when one of 
the branes wraps the two large dimensions. The associated anomalous gauge boson, 
on the other hand is massive, and it should be arranged that the mass comes from 
N=2 sectors so that it is of the order of the string scale ^7j. Therefore although 
its KK states are very tightly spaced, its zero point mass is large. It is interesting 
that this type of massive gauge boson, might have a very particular signal at LHC, 
because of this very special property. 

The second exception concerns the KK states of the right-handed neutrinos that 
come from the above described brane. These mix with the zero modes and provide 
an interesting pattern of masses. This was analyzed in jTTj . 

• Stringy states of open strings. All the states above have stringy excitations (vi- 
bration modes) of the associated open strings with masses at the string scale and 
above. 

• Massless bulk modes, including the graviton, having gravitational strength couplings 
to the open sector. After the breaking of susy, all but the graviton should acquire 
masses. 

• Bulk KK states. Since there are two compactification scales, the one that dominates 
at low energy is associated to the two larger dimensions. The physics of such KK 
states has been analyzed in the past [10] 

• Bulk stringy states, with masses at the string scale or more. 

Typically, apart from the SM particles, the particles that are lightest from the brane 
particles, are firstly the anomalous U(l) gauge bosons and then superpartners. The dis- 
tribution of masses depends on the vacuum. In this paper, we will neglect superpartners, 
since this is a well studied sector. We will focus on the anomalous U(l) gauge bosons, the 
Higgses and the SM particles. The bulk axions that are crucial for anomaly cancellation 
will also be included. 

In successful low scale orientifold vacua, baryon and lepton number are gauge sym- 
metries. They are in fact some of the anomalous U(l)s. Their gauge bosons will become 
massive but the associated global symmetries will remain intact in perturbation theory. 
This is a crucial fact , since at low M s baryon and lepton number violating operators will 
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be hardly suppressed, |41j . There will be breaking due to instantons but this is known to 
be small. 

This general class of models has important open problems that need to be eventually 
addressed at the string level, in order to have concrete successful string vacua that realize 
this setup. 

• The setup needs radii much larger than the string scale. This hierarchy, leading to 
a low string scale must be explained/accomodated. 

• It must be arranged that the PQ symmetry is explicitly broken, in order to avoid a 
massless axion. 

• The problem of one-loop tadpoles needs to be accommodated somehow. 

There are several important effects, in the effective theory we are describing. A crucial 
ingredient is that in all cases, the Higgs gauge bosons are charged under one linear combi- 
nation of the anomalous U(l)s. In fact we can go to a basis (a non-orthogonal one) where 
the four generic U(l) symmetries of the low scale orientifold vacua are hypercharge, Y, 
baryon number B, lepton number, L, and a Peccei-Quinn-like symmetry PQ. The Higgs 
then has B=L=0, and its vacuum expectation value breaks Y and PQ. 

The UV mass matrix of the U(l) gauge bosons is characterized by three mass eigen- 
values of order M s , (hypercharge is massless) as well as three mixing angles. The second 
source of gauge boson masses is the Higgs symmetry breaking. Due to the (mild) hierarchy 
of the Higgs vev and M s there is interesting pattern in the gauge boson mass-eigenstates. 

The photon is the usual mixture of Y and W 3 . However, the Z°, apart from its Y and 
W 3 components, it has a small (~ (9(Mf/Mf)) admixture of the other three anomalous 
U(l) gauge bosons. Similarly, the three heavy Z's have a small admixture of Y,W 3 . The 
presence of this mixing affects in an interesting way several issues: 

• Z Q has non-standard couplings to fermions. This also affects the p parameter. 

• 7 and Z° acquire a trilinear vertex, an avatar of their mixing to the anomalous 
U(l)s and the triple anomalous U(l) vertex. This is very interesting for LHC. 

• There are non-standard photon and Z° couplings to the Higgs. 

It is these issues that we will analyse to a certain extent in the present paper. 

We should also briefly mention the parameters of the effective field theory. We do 
have, to start with, all the SM parameters. 
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The Higgs sector resembles that of the MSSM, in the sense that it has two Higgses. 
However, if supersymmetry is broken at the string scale, the structure of the potential at 
the level of the quadratic terms maybe different. It depends in fact on the way super- 
symmetry is broken. However for orbifold and SS breaking the tree level potential is of 
the super symmetric type. However, in this paper, for generality we will keep all possible 
terms. 

We split the terms in the Higgs potential into those that preserve the PQ symmetry 
and those who do not. The PQ-preserving part has four real quartic couplings and two 
quadratic ones. The PQ-breaking part has one complex quadratic coupling and three 
complex quartic ones. It is essential for giving a mass to an otherwise massless scalar, the 
axi-Higgs, a mixture of one if the Higgs phases and the bulk axions. 

The anomalous U(l) sector has a 4x4 UV mass matrix that is generically not diagonal. 
One of its eigenvalues is zero corresponding to the hypercharge. The hypercharge linear 
combination is fixed by a set of integers. For mLSOM, there are two choices. The rest 
of the matrix can be parameterized in terms of three mass eigenvalues and three mixing 
angles. The axion-gauge boson mixing, axion-gauge boson CP-odd couplings as well as 
the CS-like couplings are then determined in terms of the mass matrix and the charges, 
that are known. 

One of the anomalous U(l) gauge bosons comes from a brane that wraps the two large 
dimensions ^E]. This implies that its UV mass term as well as the mixing terms with 
the other U(l) gauge bosons should be anywhere between M s and ~ 10~ 3 eV. We will 
assume in this paper, for simplicity that its mass comes from an N=2 sector and therefore 
its physical mass is of the order of the string scale. In any case, its mass must be larger 
than around 50 MeV to avoid standard supernova cooling constraints [T7j . 

In the neutrino sector that is not discussed in this paper, there are further parameters 
that enter. If there is a single bulk right handed neutrino then there are three parameters 
associated to its coupling to the three lepton doublets. If there are three bulk neutrinos, 
then one has the standard KM-like mixing matrix. On top of this there is neutrino 
mixing with the right-handed neutrino KK modes that are densely spaced. In the simplest 
uniform case of a T 2 with the same radius, it is the radius that enters as an new parameter 
(constrained at the same time by fitting the gauge couplings and the Planck scale.) These 
issues are discussed in detail in [T2j. In the sequel we choose the innocuous case of three 
bulk neutrinos and neglect the mixing with the KK states. 

The structure of this paper is as follows: In section 121 we describe the string theory 
origin of the effective field theories that we analyze. They should correspond to string 
theory vacua with a string scale in the TeV range. 
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In section |3] we describe the effective action under study. We describe in detail the 
UV (stringy) gauge boson mass terms, and we also describe convenient gauge fixings in 
the unbroken phase. 

In section 0] we analyze in detail the issue of electroweak symmetry breaking. This is 
of importance as the properties of Z's are affected importantly. We discuss in particular, 
the gauge boson masses the structure of the Higgs sector, the details of the Green-Schwarz 
sector responsible for anomaly cancellation and finally a convenient gauge-fixing in the 
broken phase. 

Section contains the computation of various tree level cross sections that are relevant 
for constraining the parameter space and analyzing new physics in this class of models. 

Finally El contains our conclusions and further comments. 

Appendix El contains a comparison of the Higgs sector here with the SM Higgs sector 
while appendix [B] contains a rewriting of the Lagrangian in the physical basis. 

2 String theory origin of the mLSOM 

In this section 2 we motivate the type of effective theory we will be studying in this paper, 
by linking it to a class of interesting vacua of string theory. These are known as orientifold 
vacua. Useful reviews introducing this subject and describing recent progress can be found 

in uni-iisi- 

The generic structure is as follows. The ten dimensions of superstring string theory are 
split into four flat non-compact dimensions and six compact dimensions, threaded with 
other possible background fields (tensor fluxes). Several groups of D p > 3 -branes are inserted 
in this vacuum, so that their 3+1 dimensions are parallel and fill the four dimensional 
Minkowski space. If they have more dimensions, then these wrap appropriately some 
cycle of the internal compact manifold. There will be generically also Orientifold planes, 
non-dynamical hyperplanes, with typically negative energy density. Their basic property 
is to change the orientation of open and closed strings. They are typically required for 
the consistency of the theory, and they enter crucially both in anomaly cancellation but 
also in the conditions for IR stability (or absence of UV divergences) . 

We shall restrict ourselves to models in which the closed string sector is supersym- 
metric, while supersymmetry is generically broken by the open strings at the string scale 
|42j . We intend to have a string scale M s that is in the TeV range. M s is related to the 

2 Reading this section is a not a prerequisite in understanding the rest of the paper. It does however 
give a motivation for the effective theories, and also some idea on what parameter choices are easy to 
accommodate and which not. 
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four-dimensional Planck scale as 

M 2 P = ^Ml (2.1) 
9 s 

where Vq is the volume of the internal six-dimensional manifold in string units, and g s the 
string coupling constant, that is smaller but not much smaller than one 3 . Therefore a low 
string scale implies a (very) large volume for the internal manifold. Its linear dimension is 
Vf ~ (M p /M s )i For M s = l TeV, V 6 ~ 1/6 ~ 10 MeV. We know however that the internal 
manifold must not be uniformly large. It must have small cycles, otherwise some of the 
standard models fields would have KK states with masses ~ 10 MeV and this is obviously 
experimentally excluded. 

A convenient way to describe this is in orientifold model building based on orbifolds 
of T 6 . There, we can take a number n of radii to be large and the rest 6-n to be close to 
the string scale. There are however cases to be avoided. If only one radius is large, then 
it is macroscopic and therefore excluded. Moreover, this is a highly unstable situation 
[13]. If all of them are large, there is no space to wrap some of the SM branes since 
this will produce unacceptable KK descendants of the SM particles as argued above. In 
fact we should have as many small dimensions as possible to allow manoeuvering the SM 
branes. This gives the case of two large dimensions (with size in the 1/i-lmm range), as 
the optimal possibility. 

There has been a wide search for D-brane configurations that provide the standard 
model in the context of orientifolds, and have acceptable gauge coupling properties [El 
IT7] IH| HH] . It turns out that the minimal number of stacks necessary to allow for a low 
string scale is 4. One could do with three, but there the string scale must be close to the 
Planck scale. This has been analyzed in |46j . 

The existence of the two large dimensions, provides an immediate mechanism for light 
neutrinos [J2]: If the right-handed neutrinos emerge from a U(l) brane wrapping the two 
large dimensions, then, as shown in detail in [IT], the neutrinos will have masses, with 
the right order of magnitude. 4 We will label this brane as U(l)& to indicate that it is the 
only brane that wraps the two large dimensions. 

Therefore within our framework, the minimal ensemble of D-branes needed in our 
construction contains the following stacks: a stack of three coincident branes to generate 

3 This is because it enters into the gauge couplings constants. Once there are D3 branes , or the volumes 
higher branes wrap are string-scale sized, then the gauge couplings at the string scale are essentially 
determined by g s 

4 There are two options with neutrinos. The first is that there is a single bulk neutrino which couples 
to the SM ones. The KK modes also play a role here. This is a very constrained situation. In [U| it was 
shown that this option lies at the borderline with the current neutrino data. It was pointed out recently 
in 0S] that if one weakens the coupling between branes and bulk, then this option is viable. The other 
possibility, involves three bulk neutrinos. This is much less constrained, but also less predictive. 
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the color group, a second stack of two coincident branes to describe the weak SU(2)l 
gauge bosons, and one more brane to generate the U{l)b bulk discussed above. The 
resulting gauge group so far is U(3) c x U{2)l x U(l)b, with the three U(l) generators 
denoted by Q c , Ql and Qb, respectively. Since the string scale will be low, to ensure 
proton stability, we require baryon number conservation with generator B = Q c . The 
hypercharge Y cannot have a component along Qb-, since this would lead to unrealistically 
small gauge coupling, and as explained in ^H] the correct assignment of SM quantum 
numbers requires the presence of an extra abelian factor, named U(l)\ with generator 
Qi, living on an additional brane. In the simplest situation this brane should lie on top 
of the color or the weak stack of branes, as we argue below. However, one may relax some 
of the assumptions, and have more freedom with the U(l)i coupling constants. 

In our framework, supersymmetry is expected to be broken by combinations of (anti)branes 
and orientifolds which preserve different subsets of the bulk supersymmetries. The sim- 
plest possibility is that any pair of D-branes Dp and Dp' should satisfy p — p' = mod 
4. It follows that a system with three stacks of mutually orthogonal branes in the six- 
dimensional internal (compact) space consists, up to T-dualities, of D9-branes with two 
different types of D5-branes, extended in different directions. Specifically, the U(l)b lives 
on the D9-brane, while the U(3) c and U(2)l are confined on two stacks of 5-branes, the 
first along say the 012345 and the other along the 012367 directions of ten-dimensional 
space-time. Thus, the (sub-millimeter) bulk is necessarily two-dimensional (extended 
along the 89 directions), and the additional U(l)i brane has to coincide with either U(3) c 
or U(2)l. The parameters of the model are the string scale M s , the string coupling g s 
and the volumes t>45, t>67 and of the corresponding subspaces, in string units. Using 
T-duality, we choose all internal volumes to be bigger than unity, Vij > 1. In terms of 
those, the four- dimensional Planck mass Mp is given by 

g 

M 2 P = —v 45 v G7 v 89 M* (2.2) 
9s 

and the non-abelian gauge couplings are 

11 11 , , 

-2 = —v 45 ■ — = — v 67 (2.3) 

#3 9s 9i 9s 



It follows that 



Ml = —v 89 M* = v^M 2 s , (2.4) 

9%92 «3«2 

where = gf/^n and -Ogg = v 89 /{2ti) 2 = RsRg for a rectangular torus of radii R S ,R 9 . 
The Z7(l)i gauge coupling g\ is equal to g% (#2), if the £7(1) 1 brane is on top of the U(3) c 
(U(2) L ). 
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The gauge coupling gi of the U(l)b gauge boson which lives in the bulk is extremely 
small since it is suppressed by the volume of the bulk t> 89 . For instance, in the case where 
the U(l)b lives on a D9-brane, its coupling is given by 

r^ %%= 8i!' (2 - 5) 

where in the second equality we used eq. ([2.2)1 . Using now the weak coupling condition 
g s < 1 and the inequality g s > g\ 2 following from i>y > 1 in eq. ()2.3|) , one finds 

v8— < 5-6 < — — , 2.6 
M P g 3 M P 

which implies that ~ 10~ 16 — 10~ 14 for M s ~ 1 — 10 TeV. The corresponding gauge 
bosons must have a mass larger than 50 MeV to avoid supernova constraints that are 
more stringent than those for the graviton [T7] . 



2.1 The simplest allowed configurations 

In this section we will describe the four brane configurations and hypercharge embeddings, 
that give models that are compatible with a low string scale and very basic phenomeno- 
logical constraints [T7] . 

In all configurations, the baryon number appears as a gauged abelian symmetry. This 
symmetry is broken due to mixed gauge and gravitational anomalies leaving behind a 
global symmetry. Baryon number conservation is essential for low string scale models, 
since one needs to eliminate effective operators to very high accuracy in order to avoid 
fast proton decay, starting with dimension six operators of the form QQQL which are not 
sufficiently suppressed jH]. 

In addition to baryon number, one should also assure that the lepton number is a 
good symmetry of the low energy theory. Lepton number conservation is also essential for 
preservation of acceptable neutrino masses, as it forbids for instance the presence of the 
dimension 5 operator LLHH. Such an operator would lead to large Majorana neutrino 
masses, of the order of a few GeV, in models where the string scale, typically a few TeV, is 
too low for the operation of an effective sea-saw mechanism. Hence, we shall be interested 
only in models in which the lepton number is a good symmetry. Being anomalous, this 
symmetry will be broken, but lepton number will survive as a global symmetry of the 
effective theory. 

In fact, these four models can be derived in a straightforward way by simple consid- 
erations of the quantum numbers. The quark doublet Q is fixed by non abelian gauge 
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symmetries, while existence of baryon number implies that the anti-quarks u c } d c corre- 
spond to strings stretched between the color branes and one each of the abelian branes 
U(l)i and U(l)b- Thus, one has two possibilities leading to models that we call A (d c 
has one end in the bulk) and B (u c sees the bulk). Existence of lepton number fixes the 
lepton doublet as a string stretched between the weak branes and the U(l)b brane, while 
for each of the models A and B there are two possibilities for the anti-lepton e c to emerge 
as a string stretched between the two abelian branes, or to have both ends on the weak 
branes. Thus, we obtain two additional models that we call A' and B' . All these models 
have tree-level quark and lepton masses and make use of two Higgs doublets. They also 
require low energy string scale for some of the brane coupling conditions. 

Models mLSOM 4 and mLSOM' A 

They are characterized by the common hypercharge embedding 

Y = -\Qc\Ql + Qi (2.7) 
but they differ slightly in their spectra. The spectrum of model A is 



Q (3, 2, +1,-1, 0,0) 

u c (3, 1,-1, 0,-1,0) 

^(3,1,-1,0,0,-1) 

L(l, 2,0, +1,0,-1) 

e c (l,l,0,0,+l,+l) 

# u (l,2,0,+l,+l,0) 

#,(1,2,0,-1,0,-1) 

while in model A' the right-handed electron e c is replaced by an open string with both 
ends on the weak brane stack, and thus e c = (1, 1, 0, —2, 0, 0). 

Apart from the hypercharge combination ()2.7|) all remaining abelian factors are anoma- 
lous. Indeed, for every abelian generator Qj, I = (c, L, 1, b), we can calculate the mixed 
gauge anomaly Kjj = TiQjTj with J = SU(3), SU(2),Y , and gravitational anomaly 
Kj^ = TtQi for both models A and A': 

k\ ( o 



( o 



K (A) 







V o 



1 

" 3 

-2 



2 
_1 

2 

1 

6 



-v 



o - 



V o 



5 
3 

-6 



_4 

3 

-3 



{21 



•5/ 



It is easy to check that the matrices KK T for both models have only one zero eigen- 
value corresponding to the hypercharge combination ()2.7)1 and three non vanishing ones 
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U(3) c U(2) L U(3) c U(2) L 

Figure 1: Pictorial representation of models A, A'. 

corresponding to the orthogonal U(l) anomalous combinations. In the context of type I 
string theory, these anomalies are canceled by a generalized Green-Schwarz mechanism 
which makes use of three axions that are shifted under the corresponding U(l) anomalous 
gauge transformations. As a result, the three extra gauge bosons become massive, leaving 
behind the corresponding global symmetries unbroken in perturbation theory 0^1 . The 
three extra U(l)'s can be expressed in terms of known SM symmetries: 

Baryon number B = —Q c 

3 

Lepton number L = - (Q c + Q L - Q x - Qb) (2.9) 

Peccei-Quinn Q PQ = —- (Q c — Q L — 3 Qi - 3 Q b ) 

Thus, our effective SM inherits baryon and lepton number as well as Peccei-Quinn (PQ) 
global symmetries from the anomaly cancellation mechanism. Note however that PQ is 
the original Peccei-Quinn symmetry only in model A', such that all fermions have charges 
+ 1, while H u and Hd have charges —2 and +2, respectively. In model A, the global PQ 
symmetry defined in (|2.9|) is similar but with lepton charge +3. The reason is that in 
model A the fermion-Higgs Yukawa couplings are different, and leptons get masses from 
H u and not from H^. 

The general one- loop string computation of the masses of anomalous U(l) gauge 
bosons, as well as their localization properties in the internal compactified space, was 
performed recently for generic orientifold vacua [2H]- It was shown that orbifold sectors 
preserving N = 1 supersymmetry yield four-dimensional (4d) contributions, localized in 
the whole six-dimensional (6d) internal space, while N = 2 supersymmetric sectors give 
6d contributions localized only in four internal dimensions. The latter are related to 6d 
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anomalies. Thus, even U(l)s which are apparently anomaly free may acquire non-zero 
masses at the one-loop level, as a consequence of 6d anomalies. These results have the 
following implications in our case: 

1. The two U(l) combinations, orthogonal to the hypercharge and localized on the 
strong and weak D-brane sets, acquire in general masses of the order of the string 
scale from contributions of AT = 1 sectors, in agreement with effective field theory 
expectations based on 4d anomalies. 

2. Such contributions are not sufficient though to make heavy the third U(l) propa- 
gating in the bulk, since the resulting mass terms are localized and suppressed by 
the volume of the bulk. In order to give string scale mass, one needs instead N = 2 
contributions associated to 6d anomalies along the two large bulk directions. 

3. Special care is needed to guarantee that the hypercharge remains massless despite 
the fact that it is anomaly free. 

The presence of massive gauge bosons associated to anomalous abelian gauge symme- 
tries is generic. Their mass is given by M\ ~ g s M^, up to a numerical model dependent 
factor and is typically smaller by a factor or 2-5 than the string scale. When the latter 
is low, they can affect low energy measurable data, such as g — 2 for leptons and the 
p-parameter [22!, leading to additional bounds on the string scale. 

An extension of the model is the introduction of a right-handed neutrino in the bulk. 
A natural candidate state would be an open string ending on the U(l) b brane. Its charge 
is then fixed to +2 by the requirement of existence of the single possible neutrino mass 
term LH^vr- The suppression of the brane-bulk couplings due to the wave function of 
ur would thus provide a natural explanation for the smallness of neutrino masses. Note 
that if the zero mode of this bulk neutrino state is chiral, the anomaly structure of the 
model changes: B — L becomes anomaly free and as a consequence the associated gauge 
boson remains in principle massless. However, as we discussed above, this is not in general 
true because of 6d anomalies j2H|. In any case, this problem is absent if we introduce a 
vector-like bulk neutrino pair 

u R (l, 1, 0, 0, 0, +2) + ^(l, 1, 0, 0, 0, -2) 

that leaves the anomalies ()2.8)1 intact. Note that v c R does not play any role in the subse- 
quent discussion of neutrino masses and oscillations. 

Models mLSOM/i and mLSOM' B 
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Figure 2: Pictorial representation of models B and B' . 



Another phenomenologically promising pair of models consists of two models, named 
hereafter B and B' , which correspond to the hypercharge embedding 



The spectrum is 



Y - = \q c -\Ql + Qi 



(2-10) 



Q(3,2,+l,+l,0,0) 
u c (3, 1,-1, 0,0,1) 
^(3,1,-1,0,1,0) 
L(l, 2,0, +1,0,-1) 
e c (l,l,0,0,+l,+l) 
H U {1, 2, 0, -1, 0, -1) 
# d (l,2,0,+l,+l,0) 

for model B, while in B' e c is replaced by e°(l, 1, 0, —2, 0, 0). 

The four abelian gauge factors are anomalous. Proceeding as in the analysis ()2.8|) of 
models A and A', the mixed gauge and gravitational anomalies are 
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It is easy to see that the only anomaly free combination is the hypercharge (|2.1()jl which 
survives at low energies. All other abelian gauge factors are anomalous and will be broken 
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by the generalized Green-Schwarz anomaly cancelation mechanism, leaving behind global 
symmetries. They can be expressed in terms of the usual SM global symmetries as the 
following U(l) combinations: 

Baryon number B = -Q c (2-12) 

3 

Lepton number L = —^(Qc — QL + Qi + Qb) (2-13) 

Peccei-Quinn Q PQ = ^(-Q c + 3Ql + Qi + Qb) (2.14) 

Similarly to the analysis of models A and A', the PQ charges defined above are the 
traditional ones only for model B. In model B', the lepton charge is —3, as a result of 
the Higgs Yukawa couplings to the fermions (see below). The right handed neutrino can 
also be accommodated as an open string with both ends on the bulk abelian brane: 

1,0, 0,0, +2) + i4(l,l,0,0, 0,-2) 



3 The effective action of the mLSOM 

We will consider models which can originate from a non-supersymmetric string compactifi- 
cation where the Standard Model is localized on D-branes and/or intersections of D-branes 
in the presence of orientifold planes. The low energy limit of such models, assuming that 
they contain the Standard Model spectrum, is marked by the presence of extra U(l) 
gauge bosons and of a certain number of scalar fields with axion and Stuckelberg cou- 
plings. Consistency of these models and more specifically the cancellation of anomalies 
requires also certain Chern-Simons type of couplings. 

Therefore apart from the Standard model fields, we have three more U(l)'s, three 
scalars (axions) that mix with the U(l)'s, and two Higgs doublets. 

The minimal Lagrangian consistent with these features is 

C = - \tr G, U G^ - hr W, V W^ - -F^F^ 1 

~ \{% + if r a W; + tq^g^HX - \(d, + ifr a W^ + iql Hd) giAl)H d \ 2 

+ Q^a^Qu + + £ R ^V»d Ri 

+ L^a^Lu + e^V^em + u^V^m 

+ 7 ^Jr 2 (QLiCr 2 u Rj ) + -ygflj (Q^dnj) + c.c. 

+ %Hl (L^enj) + %H T d r 2 (L^isrA + c.c. 

" \ £(V + 9iM\A\f + E lmn A\ A™ F n pa 
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+ J2( Dl aI tr i GAG } + F i aI tr {W AW} + C Imn a 1 F m A F n ) 
i 

+ ViH^H^a 1 ). 



(3.1) 



where we have introduced two dimensional notations for the fermion interactions, as 
specified below. The gauge symmetry under which this Lagrangian is invariant is 

4 

SU(3) C x SU(2) W xGx, Gx = JJ 17(1),. (3.2) 

i=i 

The U(l) factors are all anomalous in general. In the above the indices I, m, n — 1, • • • , 4 
count the U(l)s in the D-brane basis. There is also a sum over SU(2) indices a = 1, 2, 3 
and a sum over flavor indices 2 = 1,2, 3. G^ v is the field strength for the gluons and the 
W^ u is the field strength of the weak gauge bosons W^. The fermions in eq. (|3.1|) are 
either left handed Weyl spinors Jl, or right handed Weyl spinors fn and they fall in the 
usual SU (3) and SU (2) representations of the Standard Model. The covariant derivatives 
act on the fermions f^, fn as 

V4 L = (d, + zA, + iq^giAt,^ f L 

V,f R = (d, + zA^ - iq^giA^) f R (3.3) 

where A M is a non abelian Lie algebra element. The matrices = (a , a a ) where a = 
diag(l, 1), a a are the Pauli matrices and = (er°, —a a ). We have also introduced two 
Higgs 577(2) doublets H u and Hd- The matrices r J are Pauli matrices acting on 577(2) 
indices. 

In the Yukawa sector, the Pauli matrix r 2 acts on the SU(2) indices while the Pauli 
matrix a 2 acts on the spinor indices. The symbol T (t) suggests transposition with respect 
to 577(2) (spinor) indices. To lighten the notation we do not show explicitly the SU(3) 
contraction. It should be understood however that the quarks are, on the top of all 
contractions explicitly shown, contracted as qi^qR in the 5C/(3) sense. The 7 4 " etc. are 
complex three by three matrices. The standard procedure is to bring them in a form as 
close as possible to diagonal. The result of this is 

C Yuk . = H uT 2 (QWU^urj) +J2 H i (Q^udm) + c.c. 

hi i 

+ E H u (l^U-^'nj) + £ 77jr 2 (L^T^J + c.c. (3.4) 

i,0 i 

where the Y u,d ' e,u are diagonal matrices and U q is the CKM matrix which appears in 
the Yukawa sector of this model in a similar way as in the Standard Model. The U v 
matrix is the MNS neutrino mixing matrix. In the electroweak vacuum the Higgs couples 
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universally to the Yukawa sector and the Yukawa couplings turn into mass terms for the 
fermions. The CKM and MNS matrices disappear from the Yukawa couplings but they 
appear explicitly in the gauge boson-fermion-fermion interactions, as we will see later. 
Issues of flavor in intersecting D-brane models are discussed in [SBl EH EE] and references 
therein. 

The couplings M 1 ^ Fj, Dj, Cj mn and Ei mn are known once a specific string vacuum 
has been chosen. One feature of the action, as we are going to describe below, is the 
presence of both dimension-4 and dimension-5 operators, which render it an effective 
non-renormalizable extension of the Standard Model. The mechanism of cancellation of 
the anomalies which is enforced on the model is different from the Standard Model one 
and for this reason all the couplings the E, D, and C carry an intrinsic power of h, the 
Planck constant, in their definition. The index / = 1, • • • , N a runs over the scalars with 
axion couplings whose number is in general different (and usually much larger) than the 
number of U(l) fields. In the mLSOM the number of relevant axions will be taken to be 
always one less than the number of U(l)s (i.e. the number of D-brane stacks), in our case 
iV a = 3. 

Finally, the Higgs potential is one that is consistent with the symmetries of the theory 
and breaks the electroweak symmetry spontaneously down to electromagnetism as in the 
SM. In general it can depend on all scalar fields present in the spectrum, namely both on 
the Higgs fields and on the axions, provided it is compatible with the gauge invariances. 
We will split the Higgs potential in two parts. The one in eq. ()4.1|) which does not 
depend on the axions, and the one in eq. 1)4.73)1 which mixes the Higgs doublets with the 
pseudo-scalars. 

3.1 Changing basis in gauge symmetry space. 

A first interesting aspect of such models is that some of the the gauge bosons can pick up 
masses even in the absence of electroweak (EW) symmetry breaking because of (potential) 
anomalies. Indeed, by inspecting eq. ()3.1J1 one can see that there are couplings that give 
a tree-level mass to the anomalous U(l) gauge bosons without a Higgs mechanism. The 
mass squared matrix of the 4 Z7 (1) gauge bosons is 

M = M T M (3.5) 

which in general is a real, symmetric but non-diagonal matrix. The dimension of M is 
equal to the number of U(l)s. In order to simplify the expressions as much as possible, 
we absorb in its elements the corresponding factors of the gauge couplings. M is real and 
symmetric thus it can be diagonalized by an orthogonal transformation 

M = T m O (3.6) 
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where O is the appropriate orthogonal matrix. The diagonal matrix m contains the 
eigenvalues of M, i.e. the masses squared of the gauge bosons. When N a = N s — 1, where 
N s is the number of stacks, m contains at least one zero eigenvalue. 

To write the other terms in the action in the new basis, we start from the U(l) sector in 
the D-brane basis and focus for the moment on the gauge kinetic and the gauge-fermion- 
fermion interaction terms 

EjW + E^^' (3.7) 
I & l I 

where the charges are normalized to integers and 

9i = -S=, (3.8) 

where gi is the standard normalized coupling of the associated SU(N) group 5 . 

We will keep three bulk axions, the number that is relevant to cancel the anomalies 
of the three anomalous U(l)'s 6 . 

The (normalized) hypercharge generator can be written as 

Qy = y^hqi. (3.9) 
l 

We will rescale the gauge fields as Ai — > giA a to obtain 

Ei F * + E^^. (3.10) 

I I 

We will now do an orthogonal transformation to go to a basis where one of the gauge 
fields is the hypercharge while the rest have a diagonal UV mass matrix 

A l = Y,OwA 1 ', , 00 T = 1. (3.11) 

i' 

The index I' in the new basis (referred to as the hypercharge basis from now on) runs 
through I' = Y, I, with I running through the last 3 values. For the above transformation 
to be consistent, we must take 

giO^r^kt V/. (3.12) 

Normalizing we obtain 

O lY = g Y ^ , \ = Y.%- ( 3 - 13 ) 
9i 9y V 9i 



5 This relation comes from the fact that the full group is U(N), see |16| . 

6 In general the number of bulk axions is larger, but only the linear combinations that enter into 
anomaly cancellation is relevant. 
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We must now pick the 3 vectors Hj = On so that they are orthogonal to the hypercharge, 
they are normalized, and they diagonalize the mass matrix. They can be parameterized 
in terms of 3 SO (3) angles but we will keep it as such for the moment. The transformation 
of any of the charges is 

qi>=J2qi—O lv = J2qiU V i. (3.14) 

We can then use the matrix U defined by the second part of the above equation to express 
the couplings in the new basis in terms of the couplings in the old basis: 

91' 9m' i gf 

Next, we must rotate the Green-Schwarz couplings. As we will show, in this basis the 
Stiickelberg couplings take the simple form 

\ ^2( da 'i + Mi A 1 ) 2 (3.16) 



2 



l 



with a! I the hypercharge basis axions and Mi the (square root of the) non-zero eigenvalues 
contained in m. 



3.2 Anomalous couplings 

This section is devoted to the discussion of the terms in eq. (|3.1J) referred to as Green- 
Schwarz couplings. It should be clear by now that the low energy effective action that 
corresponds to low scale orientifold vacua has certain distinctive features. To begin, most 
of the extensions of the Standard Model that are widely believed to be experimentally 
testable, such as the MSSM or the NMSSM, are essentially usual gauge theories coupled 
in a conventional way to a larger set of matter fields than the one encountered in the 
SM. By this we mean that all the couplings that one finds in these extensions are of the 
same type as the couplings of the SM. The reason for qualitatively new types of couplings 
not being necessary in these conventional models is the way gauge anomalies cancel. In 
the MSSM for example, anomalies cancel in the same way as in the SM: the anomaly 
of each gauge factor vanishes separately. In string theory, however, there is room for an 
alternative way to cancel anomalies, via the Green-Schwarz mechanism. 

The net effect of the Green-Schwarz mechanism on the four-dimensional effective action 
is a number of scalar fields with Stiickelberg and axion-like couplings and certain Chern- 
Simons couplings. It is also interesting to point out that these unusual couplings are 
remnants of the interplay between closed and open strings from the string theory point 
of view or the gravitational and gauge sectors in the language of the low energy effective 
action. The pseudoscalar axions originate from (closed string sector) RR fields coupled 
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to the (open string sector) gauge fields of the D-brane world volume through the Wess- 
Zumino effective action. Besides their theoretical interest, the presence of these terms 
may provide us with a unique opportunity to test string theory experimentally. 

The D-brane basis Stiickelberg couplings in eq. (|3.1|) can be then written in matrix 
form as 



c stuck = l _Y^{d ll a I + MjA^id, a 1 + MfAp) (3.17) 

and as we have seen in detail, ensure that some of the U(l)s pick up masses of the order 
of the string scale. 

The other Green-Schwarz couplings in eq. (|3.1|) consist of the axion-like terms 

£™ = Dj a 1 tr {G A G} + F 7 a 1 tr {W A W} + C Imn a 1 F m A F n (3.18) 

where we have introduced the dimensionfull couplings Dj, Fi and Ci mn and the Chern- 
Simons terms [2*%] . 

C c ~ s = E lmn A\A™F n pa . (3.19) 
In the above the sum over l,m,n is implied. Under the U(l) gauge transformation 

4 — > 4 + ( 3 - 2 °) 



is 7 



with e the gauge transformation parameters, the anomalous variation of the Lagrangian 
g l9 l A 3 tf ] GAG + g ig 2 2 A 2 tf ] W A W + Ax g l9m g n t^ n F m A F n ] (3.21) 



£\ — loO%> 

where 
and 



Cn = tr(q igm qn), 4m = ^(qfq m ), = ^tr(qf) (3.22) 



tf =tr{ qi T A T A ), tf ] =tr{ qi T j Ti). (3.23) 

Here the index A (a) labels the generators of SU(3) (SU(2)). The nature and meaning of 
the quantities Ai, A 2 and A3 is clear once the anomaly diagrams are explicitly computed 
in momentum space. They can be seen to be the shift necessary to be performed in 
the momentum integration of the triangle anomaly diagram so that the Green-Schwarz 
anomaly cancellation mechanism is reflected by the Ward identities. 



We use a symmetric regularization scheme. 
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The axions transform under the U(l) transformations as 

a 1 — ► a 1 - M\ e l . (3.24) 

The Stiickelberg and the axion-gauge-gauge couplings are gauge invariant separately but 
the Chern-Simons term is not. The gauge variation of the latter is cancelled by the 
anomaly. By comparing the different gauge variations, we can easily read off the four 
dimensional version of the Green-Schwarz anomaly cancellation conditions 

Dj Mj = A 3 gig! if (3.25) 
F I M I l =A 2 g l g 2 2 t\ 2) (3.26) 
Cimn ■AA l + (Ei mn — E m i n ) = Ai gig m g n 

nZn- (3-27) 

The first two of the above, eqs. ()3.25|) and ()3.26|) represent the cancellation of the anoma- 
lous triangle graph with a U(l)i gauge boson and two gluons and SU(2) gauge bosons 
for external legs respectively. The third, eq. ()3.27j) represents the mixed U(l) anomaly 
cancellation. 

We can put some restrictions on the couplings E\ mn . Define 

s imn = J ^p-a^F^ (3.28) 

which transforms as 

5S lmn = J (—e l F m A F n + e m F l A F n ). (3.29) 
It is easy to see that S lmn satisfy 

S mln = _ s lmn ^.W) 

and that the transformation property of the Chern-Simons couplings is 

5(Ei mn S lmn ) = j '(Emin — Ei„ in )e l F m A F n , (3.31) 

which was used to derive eq. ()3.27|) . An immediate consequence of eq. ()3.30|) is that 
Eim n S lmn vanishes identically unless E[ mn is antisymmetric in the first two indices. Now, 
if Eimn is totally antisymmetric, then Ei mn S lmn can be seen to be again identically zero 
by using the identity 

S lmn + gnim + gmnl = q 

which can be derived by integrating by parts. Therefore the only choice left is the one 
where Ei mn is antisymmetric in Im. Then, eq. (I3.27|) reduces to 

Cimn M\ + 2Ei mn = Ai gig m g n (3.33) 
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and the gauge transformation to 

5{E lmn S lmn ) = -2 J E lmn e l F m A F n . (3.34) 

The rotation to the hypercharge basis can be done by means of eq. ()3.6|) . The 
transformation of the vectors and axions consistent with eq. ()3.6|) is 

A = OmA,, a 1 = Y. M i°J l W ( 3 ' 35 ) 

j J 

respectively, with Mj the mass of the J th gauge boson in the hypercharge basis. The sum 
over I and /' is implicit but we show the sum over the indices / explicitly when present. 
The proper gauge transformation rules become 

A v — ► Ay + d e' v (3.36) 

a'j — >a' I -M I e' I (3.37) 

where e' = Oe and the Stiickelberg coupling transforms into 

c stuck = \^ d A + M i<) 2 - ( 3 - 38 ) 

I 

Indeed, eq. ()3.38|) is precisely eq. (j3.16|) . as claimed. 

The Green-Schwarz couplings eqs. f!3.18|) and ()3.19|) can be written in the hypercharge 
basis as 

c gs = ^2(D'j a'j tr {G AG} + F[ a'j tr {W A W} + C Im > n i a! I F m> A F n ') 



(3.39) 



with 



D 'l = E Wr DjM{ ° n > F>1 = E W r FjM{ ° n > 

J 1 J 1 

C Im , n , = -r-rCjran-M-iOnOrn'nOnin (3.40) 



, Mi 



and 



Ei'm'ri — Ei mn Oi'iO m ' m O n ' n . (3-41) 

It is now straightforward to show that the Green-Schwarz anomaly cancellation conditions 
in the hypercharge basis are 

D' I M I = A 3 g 2 I g 3 t'? ) (3.42) 

F^M I = A 2 g 2 I g 2 tf ) (3.43) 

C' Jm , n , M T + 2E Im , n , = A, gjg m ,g n , i!f m , n , (3.44) 

with the anomaly coefficients £'( 1,2,3 ) computed in the hypercharge basis. 
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3.3 Gauge fixing in the unbroken phase 



We work in the (Y, I) basis, with Y the hypercharge and I the index denoting the anoma- 
lous £7(1) gauge bosons in the hypercharge basis. 

A useful gauge is the one where the axions become longitudinal components of the 
massive anomalous gauge fields. Clearly, in this gauge there should be no direct axion- 
gauge boson interactions. It is not hard to come up with a gauge where the unphysical 
couplings of the type 

M 7 (d ■ Ai) a'j (3.45) 

are absent. The necessary gauge fixing functions for 577(3), £77(2), U(l) Y and the U(l)j 
are 

g A = d-G A (3.46) 
g a = 3 ■ W a (3.47) 
G Y = d ■ A Y (3.48) 
g 1 = d ■ A 1 + ajMj a'j (3.49) 

respectively, where we have introduced gauge fixing functions with real parameters for 
the anomalous U(l)s. The gauge fixing terms are 

C gf = -Lg^gA + _}_g*g* + -Lg Y g Y + V Ci f , Cl f = ^Q'Q 1 (3.50) 
2a 3 2a 2 2ay ^ yj yj 2ai 

and the ghost terms are 



(3.51) 



where in the 577(3) part 



^1 = -{d ■ d) 5 AB - f ABC (d ■ G c ) (3.52) 

is the change of the gauge function under a gauge transformation parameterized by uj b 
and rf A and r\ A are the anticommuting ghost fields. Analogous is the notation for the 
other gauge groups. We will now derive £g h . 

Under the gauge fixing conditions, the Stiickelberg Lagrangian describing the dynamics 
of each anomalous gauge boson is given by 

Zstueck = -\Fhu ~ \ (d% + MjAl) 2 + ^- (^ + ai Mj a',) 2 . (3.53) 
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The action is not gauge invariant under the full U(l)i gauge transformation parameterized 
by e'j, it is however invariant under gauge transformations that satisfy 

(d 2 - a I M 2 I ) e'j = 0. (3.54) 

One should now observe that these are just the equations of motion of the a'j and therefore 
that gauge transformations performed by the axions playing the role of the gauge functions 
are a symmetry of the gauge fixed action. In fact, the model could be extended to include 
an anomalous fermion interaction of the form 

4 = $ [(9vr - 9aYi,) R + 9l 4)] i>. (3.55) 
The total Lagrangian (barring ghosts) is then invariant under the transformations 

5A\ = <V/ 
5 a! j = —Mi a\ 
$ — „ e i9ia 'iip 

i) — > e- i9ia i$. (3.56) 



Let us now derive the remnant symmetry when we include ghosts. If we denote by rji(x) 
and r)}(x) independent anticommuting scalar fields, the Lagrangian is by construction 
invariant under the transformation s: 

sA^ = dtfi 
s a'j = —Mi t]i 
s ^ = igiTji ip 
s if) = -i gj 7]i rp 

sr]i = (3.57) 

which can be read off eq. (|3.56j) . The above BRST transformation is nilpotent even off 
shell (s 2 = 0) and rji are free, i.e. not constrained by the Klein-Gordon like equation eq. 
()3.54j) . In terms of the new fields the gauge fixing plus ghost Lagrangian in the quantum 
action is of the form 

C T gh + ^ = -vKsGi) + (3-58) 

for a given gauge fixing function Qi. We of course choose eq. ()3.49j) for the gauge fixing 
functions and for the ghost part we finally obtain the expression 

C I sh = -r ] *(d 2 -aiMf) Vl . (3.59) 
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4 Electroweak symmetry breaking 



The electroweak symmetry breaking in mLSOM is a very interesting effect, because the 
Higgses are charged under the anomalous U(l) gauge symmetries. 

In order to discuss EW symmetry breaking we have to be more specific about the 
Higgs potential. Before EW breaking the Abelian gauge symmetry in the D-brane basis 
is G\ and the Higgs potential Vpq is the most general SU(2) L x G\ invariant constructed 
from the two Higgs SU (2) doublets H u and H d : 



V PQ (H U , H d ) = {^HiH a + X aa (HlH a ) 2 ) - 2\ vd {HlH u ){H\H d ) + 2X ad \H T a r 2 H d \ 2 . 



a=u,d 



(4.1) 



We can parameterize the Higgs fields in terms of 8 real degrees of freedom as 



^=1^) Hd= {% ] (42) 

where H+, and H d are complex fields. Specifically 

TT+ + i^ul TT- H(IR + jj[dl TT- TT+* TT+ U~* I A Q^ 

= — 71 — ' = — 71 — ' = ' = ' 



Expanding around the vacuum we get for the uncharged components 

7T0 I A TTO TjO I • TjO 

71 ' h d= V d^ ^= • 



(4.4) 



The Weinberg angle is defined via cos6w — 92 1 9-, sin@w — 9y/9, with g 2 = g\ + g\. We 
also define cos (3 = v d /v, sin (3 = v u /v and v 2 = v 2 d + t>^. 

As in the MSSM one can set H£ = at the minimum by an £77(2) transformation. 
Then a minimum with dV/dH+ = must also have H d = 0. A necessary condition 
for the potential Vpq to be bounded from below can be obtained by requiring that the 
potential is non-negative definite around the electroweak breaking vacuum: 

^l + ^ d v 2 d + Kuvi + \ dd v d -2\ ud v 2 u v 2 d > 0. (4.5) 

The above constraint should be satisfied simultaneously with the constraint coming from 
the requirement that the vacuum < H® > = 0, < H® > = (which does not trigger 
electroweak symmetry breaking) is an unstable minimum of the potential. This is the 
case when 

Hlnl < 0. (4.6) 
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Minimizing the potential with respect to H® and H® one can see that the Higgs vevs 

H u = v«^° 1 ), H d = v d (°^j (4.7) 

do not break electric charge and minimize Vpq (at tree level) if 



</</ 



(4.t 



with A uu , Xdd and A UC 2 all real. Using the above conditions, the constraint eq. (j4.5j) 
becomes 

/« + /^ > 0- ( 4 -9) 

Furthermore, the couplings X uu , \d d and \ u d should be such that eq. (|4.6J) and eq. (|4.9j) 
are also consistent. 



4.1 The gauge boson masses 

The vevs eq. (|4.7j) . in addition to breaking SU(2) L x down to C/(l) 7 , should not be 
in contradiction with the low energy EW data. The previous discussion for the gauge 
boson masses still applies with appropriate adjustments that take into account the effects 
of EW breaking. Technically speaking, the neutral U(l) mass matrix ]sA EW should have 
precisely one zero eigenvalue consistent with an unbroken Z7(l) 7 . 

~M. EW is the 5 by 5 matrix that can be read off the quadratic form 

\V,H U \ 2 + \V,H d \ 2 + \ ^(H + MjA 1 ) 2 (4.10) 

and whose eigenvalues and eigenvectors we will now compute. Notice that as before, we 
have absorbed in Mj a factor of gj in the Stuckelberg part of the above formula. One can 
easily put it back in the following analysis by doing the rescaling Mi — ► giMj. We will 
reinstate the couplings explicitly when we discuss NG bosons. The covariant derivatives 
are 

T>»H U = ^ + ^g 2 (T + W + + T-W-) + t -g 2 T 3 W 3 ,+ t -g Y Al+ t -^ 

V»H d = ^ + ^g 2 (T + W + + T-W-)+ i 9 ^T 3 W 3 ,+ l -g Y Al+ 1 -^ 

where q l ud are the U(l) charges of the two Higgses in the D-brane basis. They can be 
found for the four distinct configurations in section ETT1 



27 



are the Higgs charges in the hypercharge basis. We have normalized the U(l)s so that 

*Z = fi = \ (4-12) 
The SU(2) generators and gauge bosons are defined as 

T j = —, T ± = T 1 ± iT 2 , W ± = ^-= (W 1 =F iW 2 ) , (4.13) 
2 V2 

we obtain explicitly 

v H = (9, + \92W^ + igyAl + \ E/ fai K T2^ W+ 

(4-14) 

and a similar expression for the covariant derivative of H d . The mass matrix in the mixing 
of the neutral gauge bosons can be then computed from 



and it reads 



\ E M iKf + \(-92W 3 , + g Y Al + J2dl9i K?< 
i i 

+\(-92W 3 , + g Y Al + Y.ti9iK? v l (4-15) 



| , g 2 2 v 2 -g2gw 2 -92Xi 
M 2 = - -g 2 g Y v 2 g Y 2 v 2 g Y x 1 \ (4.16) 



4 



-92Xi gyxi 2MfSu + N u 



where 



Nu = {qlqtvl + q d q J d v 2 ) g l9 j (4. 17) 

xi = {<fol + <fol)9i- (4-18) 
The zero eigenvalue corresponds to the photon 

A 7 — —W 3 + —A Y . (4.19) 
9 9 

We will now assume that the UV masses Mj are much larger than other mass scales as 
expected in realistic orientifold vacua. Then we can treat all other parameters of the mass 
matrix as of order one. 

Parameterize the eigenvectors as 

+ &A Y + &A 1 (4.20) 

and the mas eigenvalue as m 2 to obtain 

X ' C X • C 

^ ^ 2 Am? — g 2 v 2 ' ^ 2 ^ Y Am 2 — g 2 v 2 ^ ^ 
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g \ 2 ^ + 4 (^ M / - m ") & + = °- ( 4 - 22 ) 

4m^ — g 2 v 1 2 

There is an extra non-zero eigenvalue which is of order one, corresponding to the Z gauge 
boson: 

Z = ^W 3 + &A Y + frA 1 (4.23) 



with 



^ = 9 -l + (Mf) , ^ = -— + 0(Mf) (4.24) 
9 9 

6 = |e, + O (M7 4 ) (4.25) 



and a mass 



with 



m z = «h, , 



2 : = m| - ^ 2 ^ e 7 x 7 + (M7 4 ) (4.26) 



m| = ^ 2 t; 2 (4.27) 



the SM value of the neutral gauge boson mass and 



£ ' = w (428) 

small expansion parameters. The other eigenvalues are of order Mj 

(m' z ,) 2 = 1m 2 + IjVj/ (4.29) 
and correspond to the eigenstates 

2} = -4, - £ ,i few - 9 v-a") + g 2(M fl J M ?) ^- (430) 

where we have assumed that |Mj — M|| >> t> 2 so that the perturbation theory is non- 
degenerate. Here and in the following analysis we will assume that the smallness of the 
corrections originating from new physics is exclusively due to the large value of Mj, in 
other words we will avoid the accidental xj — and Njj = regions of the parameter 
space. Notice that then Njj are expected to be of the same order of magnitude as e/. We 
can now read off the rotation matrix: 





(4.31) 
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where 



O 1 

()A = If ~f lei | (1-32) 



gy 92 

9 9 



— T 6/ ~2~ e/ A7 " J ' 



The decoupling limit can be studied in terms of the parameters e/. In order to identify 
the modifications introduced by the new model on the masses of the W and Z bosons and 
to the Standard Model p parameter we recall that in any 2-Higgs doublet extensions of 
the Standard Model the kinetic terms for the W and Z gauge bosons are given by 

C kin = - 9 \ Q v 2 Z^Z^ + 9 4 v 2 W + »W~, + 4 v 2 W~»W, + (4.34) 
4 cos #vk 4 4 

which bring in the identifications 

2 92 2 

m w = — v 
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m Z° = a 9 \a 1,2 ■ ( 4 - 35 ) 
4cos 2 6'vy 

We can now compute the tree-level corrections to the p parameter, which are given by 

'=tS = 1+ i? £ v +0(M '" 4) ' (436) 

Using the experimental fact that the deviation of the p parameter from unity should 
be < 2 x 10~ 4 , we can obtain constraints on the UV parameters of the theory which 
should be understood as an approximate lower bound on the Z\ gauge bosons mass and 
consequently on the string scale M str [32] • 

The small ej limit can be also studied directly in the mixing matrix which however 
yields typically similar, but weaker constraints than the ones derived from the p parameter. 



4.2 The Higgs masses 

The physical Higgs and axion masses can be found by inserting eq. ()4.4j) into the scalar 
potential eq. (j4.1j) . collecting the quadratic terms and then diagonalizing. 

We extract the quadratic part V q (H) of Vpq, which is given by 
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V q (H) = {H u -,H d ~)Mi[ l u l) + {ReH u \ReH d )M 2 ( R D e l\ 



+ (lmH u °, ImH d °) M 3 ^ J ■ (4-37) 

A direct computation shows that M.3 = 0. One of the linear combinations of ImH u ° and 
ImH d ° is a massless physical Higgs field called A , and the orthogonal linear combination, 
G°, is a NG boson. In the other sectors we obtain 

/ cos 2 3 — sin 3 cos 3\ , 

M 1 = A\' V *> 2 [ P ■ 2 fl > ( 4 - 38 ) 

\ — sin p cos p sin p / 

and 

o ( ^uu sin 3 —X u d sin /3 cos 3\ , 

M 2 = Sv 2 i 1 9 J . (4.39) 

V - A ud sm /5 cos /3 A rfd cos 2 /3 / 

The rotation matrix in the charged sector is 



H u + \ _ /sin/3 -cos/A / G+ 
H d + ) ~ \cosB sin/3 ) \ H + 



(4.40) 



and the mass of the physical charged Higgs H + is given by 

m 2 H+ = 4X' ud v 2 . (4.41) 

The other state in the mass eigenstate basis G + is a NG-boson. In the CP-even neutral 
sector, the rotation to the mass-diagonal basis is given by 



ReH u ° \ / sin a — cos a \ / /i 
ReH d ° J \cosa sin a / I 



(4.42) 



where the rotation angle is 



cosa = ^===, (4.43) 
Va + 1 



and 



7T1 2 \ ( TYl 2 \ ^ 

Hr - 16A ™ sin2 ^ = " 8A -* sin 2 ^ Mr - 16A ™ sin2 ^ • ( 4 - 44 ) 

8A ud sm2/3 \ v 2 / \ v 2 7 

We have expressed a in terms of the two mass eigenvalues m^o < m#o of the two neutral 
physical Higgs fields fro (lighter) and H (heavier) 

m 2 h0 = 8v 2 cos 2 3 [(\ uu - }C(p)) t&n 2 3 + \ uu ] 

m 2 H0 = 8v 2 cos 2 3[{\ uu + JC{3))t&n 2 3 + \ uu ] (4.45) 
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with 

W) = Ku tan 4 (3 + (4A ud - 2A UM A dd ) tan 2 (3 + A 2 ,,] 1/2 . (4.46) 
We do not get any NG-bosons from this sector. 

In summary, in the Higgs sector there are four massive physical Higgs fields, one 
massless physical Higgs field and 3 NG-bosons, two from the charged sector and one from 
the CP-odd sector. The axion sector leaves an additional 3 Goldstone modes. Since a state 
with the properties of A is phenomenologically unacceptable, we postpone a thorough 
discussion of the scalar spectrum and NG-bosons until sections 14.31 and 14.41 where we will 
modify the model in such a way so that the presently massless physical Higgs field gets a 
mass from a more general potential. 

4.3 Higgs-axion mixing and NG-bosons 

From the third and fourth lines of eq. (j3.1|) and more specifically from the parts linear in 
the partial derivatives, we can extract the linear combinations of fields that are physical 
and the linear combinations that are NG-bosons. A new feature with respect to conven- 
tional extensions of the SM is the mixing of the axions with the fields appearing in the 
Higgs sector. It is important therefore to describe the unitary gauge of this model in 
detail. The results from this analysis will be useful also in the gauge fixing process. 

We do a naive counting to see what we can expect: There are 8 real Higgs scalar 
degrees of freedom and 3 axions, for a total of 11 degrees of freedom. There are two 
different symmetry breaking mechanisms taking place in these models. One is the UV 
Stiickelberg mechanism which breaks 3 local symmetries down to their global subgroups. 
Recall that in the class of models under consideration where A4j = for / > 4 the 
Stiickelberg mechanism does not affect hypercharge and therefore it can break only up to 
3 symmetries. Thus we expect to find at least an equal number of NG bosons associated 
with the broken generators. In fact, in the absence of a mixing of the axions with the 
Higgs fields the identification of these NG bosons would be very simple. To see why, recall 
that in order to identify NG bosons one looks for unphysical couplings in the action that, 
after expanding the fields away from their vacuum values and keeping terms linear in the 
fluctuations, trigger a tree level transformation of a gauge field into a scalar field. Then 
a generic such term linear in the derivative can be always written as 

CA^d.G), (4.47) 

where A 11 is some gauge boson, C is a constant with dimension of mass and G is the 
NG boson. On the other hand, the cross term from the Stiickelberg coupling in the mass 
diagonal basis has the form 

mA^d^a), (4.48) 
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where m is a mass and a is one of the axions. Comparing these two expressions imme- 
diately identifies a as a NG-boson. In some sense this is not unexpected in view of the 
fact that, as we have seen, the axions transform under a gauge transformation by a shift, 
a signature of NG-bosons. 

In the presence of an Higgs-axion mixing the identification is more involved. This 
happens when there are axion corrections to the Higgs potential. The Higgs potential will 
break as many generators as in the SM, one linear combination of hypercharge and W3 
and W ± for a total of 3 generators. In addition, when the Higgs fields are charged also 
under some of the other U(l)s they can break them spontaneously too which means that 
there will be additional contributions to eq. 1)4.48)1 from the Higgs kinetic terms. Then 
there is Higgs-axion mixing and some linear combinations will be NG-bosons and some 
others physical fields. 

In any case, the vacuum should break 3+3=6 generators, corresponding to the sym- 
metry breaking pattern 

SU(2) L x G\ — ► U(l) 7 . (4.49) 

Thus, we expect 5 real physical fields to appear and corresponding to the 6 broken gen- 
erators we expect to find in total 6 NG-bosons. Even though we did our counting for the 
case of 3 extra U(l)s, it would be straightforward to generalize it for arbitrary N s (as for 
any of the other formulas shown here for N s = 4). 

We now apply these general arguments to our model. Defining 

HZ*{d„Ht) + H+{d,HD + H° a *(d,H° a ) - H° a (d,H°:), a = u,d (4.50) 
+ H+{d,HD - C(9X) + H°MHD, a = u,d (4.51) 

ct^HUd.Hf) -CM). c+m = c V' a = u > d ( 4 - 52 ) 

the terms contained in the Higgs kinetic terms linear in the derivatives can be written as 

- \ (g2W + ■ {C u _ + C d ) - g 2 W- ■ (C+ + C d + ) + g 2 W 3 ■ (C? + Cf) + g Y A Y ■ (C 2 U + C d 2 ) 

+ M^^Ca + - HgiMiAj ■ (da'j)] ) , 

1 

(4.53) 

where in the terms proportional to Mj we have put back the factor of gi. 
Let us first look at the charged terms. They can be written as 

- faw^vd^G- - g 2 W-"vd^G + ) (4.54) 

where 

G~ = sin(3H+* + cos G + = (G~)*. (4.55) 
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The above definition is consistent with the rotation eq. ()4.40|) that transforms to 
where the G are massless. Two NG bosons gave been accounted for (G + and 
therefore we expect to find the other 4 NG bosons in the neutral sector. 

Using eq. (j4.31|) we can bring eq. ()4.53|) into the form 

- ■ {920$ Wt {C% + Cf) + g Y 0* Y {C u 2 + C d 2 )} 

- % -Z ■ {g 2 Oi W3 {Cl + Cf) + g Y A ZY [C u 2 + C d 2 ) 

+ E [diOziWuC* + &**) - HgrMrOijA^a'j)] } 



the basis 
G~) and 



(4.56) 

Notice now that when we expand the Higgs away from its vacuum value and keep terms 
linear in the fluctuations we find that the coefficient of A 1 vanishes identically and 

C2, = = 2 % Tm[v a (fyiZT)] = 2 i d,C a , C a = v a lmH° a , a = u,d. (4.57) 

We can then rewrite eq. (j4.56J) as 

d, I f u C u + f d C d + E QiMjOija'j I + E Z'f d, j f u> jC u + f dJ C d + E QiMjO^a'j 



where 

U = <? 2 Ow 3 - gyOiy - E vLgiOi 

1 

fu,j = 920z' jW3 - 9yOz> jY - E QudiOz'ji, 

1 

By means of the orthogonal rotation 



/d = ^20| W3 - #yO A y - E Qd9lO 

1 

fd,j = 9iO A , jWz - 9yO£, jY - E Qd9iO\ 

1 

(4- 



/lmH°\ 




( X \ 






G\ 




= o x 


G 2 


a'j 






V . J 




v . / 



(4.60) 
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with O x an 5 dimensional orthogonal matrix, we can transform to the mass eigenstate 
basis. We have denoted the physical field by x an d the 4 NG-bosons by G® ... 4 . Then, eq. 
()4.58j) becomes 



Z» dAx IfuVuOl + f d v d Ol + giMiO^O}^ 



+ m z o G 2 



]T Z'/ d, \ x \f u ,jv u O^ + f d ,jv d O^ + ]T gjMjO^jOf^] + m z/j Gf \ (4.61 



where 



G z — f u — —O x 2 + f d — —O22 + gi — -OziOJ+2 2 

1 m z o m z o 1 m z o 



+ 



Gf 



Gl 



m z o m z o 



n Ml n A 

/ v 9l^^ u ZI u I+2,Ns+l 



Gi f u j — —0*2 + fd,j — —O22 
mz'j m Z 'j 



j m Z'j J 



-2.2 



+ 



(4.62) 



Gl 



fu,. 



m z > 



-°1,N S +1 + fd,J 



Vd 



^2,5 



9r 



Mi 



U Z'I U IA 



2.5 



(4.63) 



Let us try to elucidate a bit these apparently complicated expressions. The simplest 
example is the case of the potential Vpq of eq. (J4.1)) where the axions do not couple to 
the Higgs fields, which translates into applying eq. (|4.6U|) with all but the upper left two 
by two sub-matrix of O x set to zero: 

nmH °A = o x ( A ° 

lmH°J 2 \G° 



(4.64) 



In the above we have added a subscript to the rotation matrix in order to emphasize its 
dimension and called the physical mass eigenstate A (as in the MSSM) instead of x-, a 
term reserved for fields with axion-like couplings. From eq. ()4.64j) it is clear that since in 
Vpq the Higgs fields do not mix with axions the physical state in the CP-odd sector does 
not acquire an axion coupling. Furthermore, since the mass matrix in the CP-odd sector 
A^3 is identically zero not only the NG-boson G° but also A remains massless. On the 
other hand, according to our general discussion, from the axion sector all a'j = G°j are (3) 
massless Goldstone modes. The total number of fields is then 5 physical Higgs fields (four 
massive and one massless) and 6 NG-bosons taking into account also the 2 NG modes 
from the charged sector. 
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For the potential Vpq + Vp<$ in eq. (|4.73|) of the next section the situation is quite 
different. The fields G°, • • • , G\ will turn out to be massless accounting for that many 
NG bosons and the field x will turn out to be a massive physical field with an axion 
coupling because of the mixing of the D-brane basis axions with the CP-odd Higgs sector. 
Again, the counting is 5 physical fields, four Higgs and one axion (all five massive) and 6 
NG-bosons. 

The expression eq. (14.61)1 contains unphysical couplings. Requiring that the gauge 
fields mix only with NG-bosons, introduces the constraints 

fuVuO^ + f d v d O* +J29i M i°ii°*+2,i = 

I 

UjVuO^ + f d ,jv d Ol + giMiO^Of^ = 0. (4.65) 

These have the simple solution 

O* = —N cos 0, O* = N sin f3 (4.66) 

x = - g "~ g rf _LjV s in2/? = Gj (4.67) 

7+2,1 1 Mi y i v ) 

normalized as 

N = 1 (4-68) 

_|_ v 2 sin 2 2/3 ( rt~ qI d X " 



4 ^1 y M 7 

Eqs. ()4.66j) and 1)4.67)1 represent the first column of O x which is an SO(5) matrix with 
10 independent rotation angles. Having fixed its first column (which is essentially a 
consequence of the fact that there is one physical linear combination) leaves a freedom of 
5*0(4) rotations on the vacuum manifold. The number of NG bosons is therefore 

dim W§) = 4 ' (469) 

corresponding to the 4 rotation angles parameterizing the vacuum manifold S 4 , as ex- 
pected. We will present the rotation matrix in its full form when we encounter it again 
while we are discussing the Higgs and axion masses in the next section where we will 
extract the rotation matrix O x from the full Higgs potential. Of course the two methods 
give the same result which means in particular that if we had computed the rotation ma- 
trix first and then the mixings between x an d the Z-bosons, we would have found them 
to be all identically zero. 

Evidently, the charged and CP-odd parts of the original Higgs kinetic terms together 
with the gauge boson mass terms contained in eq. (J4.1U)) can be written in this new basis 



36 



as 

(dG + - im w W + ) (dG~ + im w W-) + 

(d X ) 2 + (dG z + m z ,Z) 2 + £(0G?' + mz^Z'jf, (4.70) 

i 

a form that clearly suggests that indeed the G ± , G z and Gf' are the 6 NG bosons we are 
after. 

4.4 Higgs-axion mixing in the potential 

The potential Vpq does not give a mass to one of the scalars. In order to avoid this, 
one must take into account new types of contributions to the scalar potential, where not 
only the Higgs fields enter but also the the axion fields aj which transform under U(l) 
transformations as (see eq. (|3.37j0 

a'j — >a' I -M I e' I . (4.71) 
The gauge invariant Higgs potential is then 

V PQ = E + Ka{HlH a f) - 2\ ud {H ] u H u ){H\H d ) + 2X' ud \H^r 2 H d \ 2 (4.72) 

a=u,d 

as before, plus the new terms 

+ \ 2 {HlH u ){HlH d e- l ^ l{qi - qI ^) + \ 3 (HlH d )(HiH d e- tZ!{qi ~ qI ^) + c.c. 

(4.73) 

In the above, b has dimension of mass squared and Ai 5 2,3 are dimensionless. As before, 
we can set if + = at the minimum by an SU(2) rotation and then consistency requires 
that also = at the minimum. To avoid a stable vacum with unbroken electroweak 
symmetry, the (MSSM-like) condition 

M < b 2 (4.74) 

must hold. Contribution of terms proportional to do not appear in this condition 

since they all correspond to terms that mix neutral and charged components of the Higgs 
fields. The potential, around the correct vacum, is non-negative definite when 

A"l + + X u U vi + \ dd v d - 2X ud v 2 y d + 2bv u v d + 2v 2 y d {\ 1 + A 2 tan (3 + A 3 cot (3) > 0. 

(4.75) 
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This is a necessary condition so that the potential is bounded from below. The vevs eq. 
(J4.7j) still minimize Vpq + Vf @ if 

3 

V d V 

= ~b 2X uu vl + 2\ ud v 2 d - 2\iv 2 d - 3\ 2 v u Vd - A 3 — 

V u V u 

3 

A = ~b— ~ 2\ dd v\ + 2\ ud v 2 u - 2\ lV 2 u - A 2 ^ - 3\ 3 v u v d (4.76) 
v d v d 

and consistency of the minimum of the potential requires that the couplings bfi, A 1,2,3 are 
all real. Furthermore, eq. (j4.75|) and eq. ()4.76|) are compatible when 

M + V&d > ~2bv u v d . (4.77) 

Finally, the parameter range of the couplings should be such that eq. ()4.77|) is consistent 
also with eq. (jHHJ). 

One should not forget that these statements about the minimum of the potential 
are tree level statements. At 1-loop the potential will change and in general one has to 
do the minimization from the beginning and make sure that the chosen Higgs vacuum 
expectation values still correspond to a stable minimum that can break the electroweak 
symmetry in the desired way. It is possible that there exists an energy regime where the 
1-loop correction to the effective potential is negligible (as it is the case in the MSSM) and 
then the tree level results can be still trusted. In this paper however we restrict ourselves 
to the tree level analysis. 

In order to find the masses of the physical Higgs fields we have to expand Vpq + Vp@ 
away from eq. (|4.7|) and collect the terms quadratic in the fields. Our discussion here is 
similar to that of section 4 with the obvious modifications. 

The quadratic sector is given by 
V q (H) + V;(H,a'j) = (H u -,H d -)Mi ( J + (ReH u ° , ReH d °) Af 2 




+ (/m#J\/m# ( /V/)A/'3 



/ ImH u ° \ 
ImH d ° 



(4.78) 



In the charged sector, the mass matrix elements are 

A/l(l,l) = -2cot/3(A 3 cos 2 /3+(Ai-A , ud )sin2/5 + A 2 sin 2 /3)w 2 
-2b cot (3 

A/l(l,2) = 2 (A 3 cos 2 p + (Ai - \' ud ) sin 2(3 + A 2 sin 2 (3) v 2 + 2b 
M(2,2) = -2(A3Cos 2 /3 + (Ai-A' nd )sin2/5 + A2sin 2 /3)w 2 tan/3 

-26 tan/? (4.79) 
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and we find a zero eigenvalue, corresponding to the goldstone mode G + and the nonzero 
eigenvalue 

m 2 H+ = AX' ud v 2 -2[ - 26 +2Ai+tan / 3A 2 + cot/3A 3 U 2 (4.80) 

corresponding to the charged Higgs mass. The rotation matrix into the physical eigen- 
states is 

' H u + \ _ / sin/? -cos /A / G + 
H d + ) ~ Vcos/5 sin/3 J { H + 



(4.81) 



consistent with eq. (|4.55jl . 

In the neutral sector both a CP-even and a CP-odd sector are present. The CP-even 
sector is described by M 2 ■ The mass matrix in the CP-even sector is given by 

3 

Af 2 (l,l) = -2(-4:V 2 X uu sm 2 p + v 2 X 3 cos 2 Pcotp - -v 2 A 2 sin2/3 + 6cot /3) 
W 2 (l,2) = 2 (3v 2 X 3 cos 2 (3 + 3v 2 A 2 sin 2 p + 2v 2 Ai sin 2/3 - 2w 2 A ud sin2/3 + 6) 
W 2 (2,2) = -2sec/3(-4A dd w 2 cos 3 /3-3A 3 w 2 sin/3cos 2 /5 + A 2 w 2 sin 3 /3 + 6 sin /?) 

(4.82) 

and can be diagonalized by an appropriate rotation matrix in terms of CP-even mass 
eigenstates (h°,H°) as 



ReH u ° \ / sin a — cos a \ / /i° 
/ ~ Vcosa sin a J \ H° 



(4.83) 



with 



tana = — : (4.84) 

and 

A = (jV 2 (l, l)) 2 - 2A/" 2 (2, 2)JV a (l, 1) + 4 (jV 2 (l, 2)) 2 + (jV 2 (2, 2)) 2 . (4.85) 
The eigenvalues corresponding to the physical neutral Higgs fields are given by 

m 2 h o = |(jV 2 (1,1)+JV 2 (2,2)-Va) 

^ 1) + AT 2 (2, 2) + VA) . (4.86) 



The lighter of the two, h°, is the state which is expected to be the one that corresponds 
to the Standard Model Higgs field. 
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Finally, the symmetric matrix describing the mixing of the CP-odd Higgs sector with 
the axion fields a'j reads 



( cot/? 
-1 



1 



-V u Vd c x > 



-1 

tan/3 



Vd 

-v. 



q. 

V d~M 



Vd 



1 

M 2 



-V u 



'■ Mi 
1 M 2 
M 3 



Mi 
11 Mi 



Vd 



1l-1 2 d 

M 2 
u M 2 



M 3 
11 Ms 



\ 



v u v d 



MiMj 



(4.87) 



with 



4b 



4Ai + A 2 tan (3 + A 3 cot (3. 



(4.88) 



v 2 sin 2(3 

The rotation from the interaction to the mass eigenstates in the CP-odd sector is given 
by eq. ()4.60|) . To construct the rotation matrix we start from the matrix whose columns 
are the normalized eigenvectors of M.3. 





/ -iVcos/3 


sin (3 


N x Qi 


N 2 Q 2 


N 3 Q 3 \ 




iVsin/3 


cos [3 











E x = 


iVQi cos (3 





Nx 










NQ 2 cos (3 








N 2 







V NQ 3 cos p 











N 3 j 



where we have defined 



Qi 



N is given by eq. (|4.68j) and 



Nr 



'i + Qj 



(4.89) 



(4.90) 



(4.91) 



This is not an orthogonal matrix yet since it corresponds to 3 degenerate eigenvalues. 
One can construct the orthogonal matrix O x by starting from the first two columns which 
are already orthonormal and apply the Gram-Schmidt orthogonalization method to the 
rest. Doing this one obtains the matrix 



'omg tins one obtains tne matrix 

/ —N cos {3 sin (3 N 1 Q 1 cos (3 ~Ni~N 2 Q 2 cos (3 
iVsin/3 cos/3 -N 1 Q 1 sin (3 -N{N 2 Q 2 sin (3 
NQ 1 cos N x -N1N2Q1Q2 

N 2 




(3 

NQ 2 cos (3 
\NQ 3 cos/3 








iViiV 2 ^3Q 3 cos/3 \ 
-NxN^Qzsmp 

-N 2 Nj,Q 2 Q 3 

N 3 J 



(4.92) 
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where we defined 

Q l = Qi cos f3, Q 2 = Q 2 Ni cos (3, Q 3 = Q3N1N2 cos /3 (4.93) 

and 

iVi = , 1 _ , N2 = 1 _ , iV 3 = , 1 _ • (4.94) 

yi + Q? yi + Ql V1 + Q3 

The fact that this is indeed the same as the matrix O x of eq. ()4.60|) of the previous 
section is an important self consistency check of the model. The mass matrix A4 3 has 
4 zero eigenvalues representing the NG-bosons that parameterize the corresponding 4- 
dimensional branch of the vacuum manifold and one non-zero eigenvalue that corresponds 
to a physical axion field — x~ with mass 




(4.95) 



The mass of this state is positive if c x > < 0. 



4.5 The Green-Schwarz sector in the broken phase 

The anomalous couplings computed in sect. 13.21 imply in the broken phase a number of 
interesting processes. After electroweak symmetry breaking some of the U(l)s get rotated 
to the basis where electromagnetism is the good quantum number. In particular, the 
W3, Y and Ai gauge bosons become linear combinations of the physical states A 7 , Zj, 
as we have seen in detail. The rotation to the physical mass eigenstate basis is done by 
the 5 by 5 orthogonal matrix A of eq. (|4.32|) : 

A = A B, (4.96) 

where in components 

A? = {A„ Z, Z'j}, B p = {W 3 , A 1 '}. (4.97) 

The rotation of the Z'th and W3 components then reads 

A 1 ' = A A*, W 3 = A W3 A?. (4.98) 

with the sum over p implied. In order to analyze the theory in the broken phase it is also 
convenient to separate the quadratic from the cubic and quartic terms in the product of 
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the field strengths of the gauge fields. We define 



where 



(4.99) 



W% = d,Wf-d v W± 

K» = d,wl-d u wl 

Qlu = m (w+w~ - w~w+) . (4.ioo) 

Also, as we have showed, the hypercharge basis axions must be rotated as 

4 

^ = 0/X + E c S /)G ° ( 4 - 101 ) 

i=l 

where ©/ and cf' are dimensionless, computable but model dependent coefficients. Putting 
eqs. ()4.98j) and (j4.101j) into eq. (J3.39|) . we obtain the Green-Schwarz terms in the photon 
eigenstate basis 

4 

c gs = g x99 xtr { GAG } + Y^D' I Y,c ( i I) G°tr{GAG} 

i i=i 

4 

+ g x+ - X tr {W + AW~} + J2 F 'iYl tr {W + AW~} 

i i=i 

4 

+ g^xF* a f« + J2( F 'i°m 3 °ms + ^vo^o-i) c ^ F¥ a F ~ q 
i 



i=l 



(4.102) 



where we have separated the physical couplings 



gxgg 



1 



gX+ 



I 

■pqr = E Vmlnl 7V lml O Tnl (4.103) 



from the interactions of the NG-bosons with the gauge bosons. 
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4.6 Gauge fixing in the broken phase 



The gauge fixing functions can be straightforwardly obtained, as in the SM. The SU(3) 
part of the gauge fixing terms is without any modification since the symmetry is not 
broken. For the rest, we now have in the charged sector the gauge fixing functions 

g+ = d ■ W + + l -g 2 va + G + 

g- = d ■ W - l -g 2 va~G- (4.104) 

where G ± are as in (J4.55|) and a~ = In the neutral sector we have the gauge fixing 

functions 

g~< = d ■ A" 1 

g z = d-Z + a z G z 

gf = d-Z' I + a?Gf (4.105) 
with G z and Gf' given in ()4.62|) and ()4.63|) respectively. The gauge fixing terms are then 

C3! = 2> e7 + 7^F 6+6 ~ + ^ QZQZ + ? W sfsr (4106) 

The SU(3) ghosts remain the same as before and for the broken part we have 

C 9h = {(d V * 7 ) ■ (d Vl ) + (d V * + ) ■ (dr,.) + (d V t) ■ (d V+ ) + (d V * z ) ■ (d Vz ) + ^(9^,) • (d Vz ,) 

i 

+ m 2 w (a + ri\r]_+a-ri*_7] + )+a z mlri z 7] Z + ^a z \m z ,fr]^ (4.107) 

In the limit a + , a~, a z , af — >■ oo the gauge fixing conditions reduce to the unitary gauge 
conditions 

G + , G~, G z , Gf — ^0. (4.108) 

Indeed, one should be able to exploit the original SU(2)w x U{1) A gauge symmetry to 
transform into a gauge where the NG-bosons vanish. Denoting by £ + ~ 3 , ^ z and ^ z>1 the 
corresponding gauge transformation parameters, we can choose them in such a way so 
that they act on the gauge fields as 

SW~ = dC + tW z - £ 3 W~ = —dG + 

m w 

5W+ = d£ + + CW 3 - i 3 W + = —dG- 

m w 

5W 3 = d£ 3 + 2(£+W- + CW + ) = 
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5Z = di z = — dG z 

m z 

8Z'j = d^ = —dG z 'i. 

(4.109) 

These transformations act on the NG-bosons in such a way so that in the new basis they 
vanish. 

It is expected that in this gauge the ghosts decouple, as in the SM. For certain com- 
putations this is a useful gauge but in general computations are done in more practical 
gauges. In this work the processes we will be interested in are simple enough so that we 
can perform all calculations in the unitary gauge without any problems. 

5 Tree level decay rates and cross sections 

In this section we are going to present selected tree-level decays rates that are useful on 
two counts. 

• They are important in order top constraint the parameters of mLSOM using current 
data. 

• They are crucial for uncovering new physics in forthcoming colliders. 
5.1 Minimal gauge interactions 

The interaction of two fermions with a gauge boson can be found in the fermion kinetic 
terms and more precisely in the part linear in the gauge fields. 

Let us first look at the interaction terms contained in the interaction Lagrangian C int . 
We will use the hypercharge values 



/ 


Q 


u R 


d R 


L 


eR 


vr 




1/6 


-2/3 


1/3 


-1/2 


1 






Writing the lepton doublet as 




we have the terms 

C int = iL^VpLi + ie^^V^eRi + iv R ^V^v Ri = 
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+ 4 ^ 



+ 4 ^ 



via 



<7y 5^4" + £^ q i giA v 



em 



(5.2) 



The interaction terms in terms of the currents are given by 
Ci = 



_9Y92 A y J ^SM) _ J_ W+J KSM) _ _1_ W -MSM) 
g ^7 \Fl \pl 

9 Z^Jz - y^.z'iuJ^, 



where the electromagnetic and charged currents are 

jf M) = -(e[^e Ll + e^e m 



(5.3) 



J: 



J - - V lA U ii a e Li- 



e\ 3 Ul o»v u 

Lj U ji 



(5.4) 
(5.5) 
(5.6) 



The latter are the same as in the Standard Model modulo the presence of the MNS matrix 
due to the presence of the right handed neutrinos. In particular, eq. (|5.3|) implies that 
the electric charge can be defined as 



9y92 
9 



(5.7) 



The neutral currents have, in addition to the usual Standard Model values, corrections 
due to the additional U(l) structure. They can be expressed as 



C Z VU v\p»v u + e[^e Ll + C z vm v\^v m + Cf m e m a»e Ru (5.8) 



where 



r z 



r z 



5 + 5E"9?'«' + 



9y - 92 

2g 2 



e/ Qi 9i + 



9y , 1 (e R ) 



9' 2 



(5.9) 
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It is convenient to organize to lowest order the currents as follows 

J* = jF") + \Y,e igi J«?\ (5.10) 



2 



where we have introduced a standard model contribution (SM) and a D-brane correction 
(D). The SM contribution is obtained in the Mj — > oo limit: 

MSM) _ TM _ i t (jP Vt .a. 1 9y-9j t „M pr . _ #Lt ^ ^ 11N 

and the corrections induced by the extra gauge bosons are given by 

- Qi v u a v u + q_i e IA a'*e L i + qi e Ri a^e Ri + q I v Ri a^v Ri . O-^J 

The currents J^P are new interactions not predicted in the Standard Model and therefore 
should put constraints on the model. 

A similar computation for the Jz< current gives 

Jz> = CS Ai^Li + cfi 4<7^ + c£ 4^"* + cfi 4^e ffi (5.13) 



where 



cffi = --(g 2 Y -g 2 2 )e I + J2<lj L) 9jXj I + 



4 

i 

2 



j 

which we can express as 



J£> = 9iJ$? + J$? + - (5-15) 



where 



and 



J z , — g 7 V Li G V U + 5/ e Li (T e £i + <?/ e Ri a e Ri + Ql V Ri C T v Ri (O.lO) 



+ (-\(9 2 Y-9l>i + J2«J R) 9J 



• V // \ J ^ 



4(Mj-M|) 
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As we can see from these results, in the limit ej — ► 0, the gauge boson interacts with 
a strength which is of order of the coupling gj and can be identified with the original Aj 
gauge boson, modulo corrections of order v/Mj. The Z couplings to the leptons tend to 
the usual Standard Model coupling of the Z°. 

We now turn to the Higgs- quark- quark interactions contained in the quark kinetic 
terms iQ^a^V '^Q u + iu^^V^URi + id^a^V^dnj. Writing the quark doublet as 

Qu=(T), (5.18) 



d 



Li J 

after some algebra we find the interactions 

C q = -^Allf*-±toW+I« s * (5.19) 

-gZ^-^giZ'j^ (5.20) 
i 

where the SM hadronic electromagnetic and charged currents given by 

lf M) = |(«L^«« + - \iAi^d Li + 4^d«) (5.21) 

l!* SM) =ul j U* i <T»d Li (5.22) 

lf M) = S Lj W>l<J»u Li . (5.23) 

In eqs. ()5.22|) and (|5.23|) we introduced in the quark mass eigenstate basis the CKM 
matrix which again enters in an analogous way as in the Standard Model. 

The quarks couple to the Z-boson by the current 

1% = C uu A^u Li + C z dLi d\^d Ll + G z um u^u Ri + C z dm d\^d Rl (5.24) 

where 

^2 



r z _ _ 9 2 9y , 1 „(Q)_ , 

C u u ~ -^-^ + 2L e ^ 91+' 



r z _ 92 9y , 1 JQ) n , 



r z 
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We decompose the Z current also in this case in terms of an ordinary Standard Model 
contribution and a second term coming from the extra contributions 

I» z = lf M) + lj2e igi I»f\ (5.26) 
The SM contribution is obtained in the ej — > limit 



jH(SM) _ TfJ , 



while the corrections induced by the extra gauge bosons at lowest order are given by 

J$» = qf ] u^u Lt + qf ] d{^d Ll + qf R) u R ^u Ri + qf R) d R ^d Rl . (5.29) 

Again, as for the lepton currents, the corrections to the SM neutral currents I^ D ^ are 
suppressed in the limit of large Mj. 

Finally, the coupling of the Zj gauge boson to the quarks is given by 

^ = ^uL^i + ^fe/Li^ (5-30) 

where 

CuL = -\g 2 Y e I + Y,^ R) 9 J X JI + ... 

j 

CZ = l 9 2 Y e I + J2 ( lj R) 9jXji + ---. (5.31) 

As in the leptonic coupling of the Z\ also in this case we split the quark current writing 

It = 9l lT + IT (5-32) 



with 



and 



if = gf^lal'uu + qfWut^du + q { ' R} u^u a + gf-'d^'dm (5.33) 



48 



+ (-5<*" + E ^ — 1 "* 



4(Mj - M?) 



+ (I^+E^ ^-jm?) )^''"- (5 - 34) 

Having the explicit form for the currents and the couplings, one can derive easily 
certain tree level decay rates and cross sections. Since the charge currents are the same 
as in the Standard Model, the tree level decay rates of the H^'s do not get any new 
contributions. On the other hand the neutral currents associated with the remaining 
gauge bosons receive (small) corrections with respect to their Standard Model values, so 
we expect to have comparable corrections to the tree level Standard Model decay rates 
of the Z°. Here we will provide a rather general analysis of the main decays of the Z 
and Z'j gauge bosons into leptons and quarks and then we will present predictions for 
the Drell-Yan cross sections. We will also compare at a quantitative level the predictions 
coming from the D-brane model with other models containing, for instance, sequential 
C/(l)'s, with charge assignments different from the ones we discuss here. 

We present a few examples of some possible phenomenological interest. For future 
convenience and for a direct comparison with the literature on the Standard Model, we 
rewrite here the interaction Lagrangian of quarks and leptons with the neutral gauge 
bosons Z and Z\ in 4-component form. We obtain for the leptons 

— ZTi (glr z Y - #r V7 5 ) Vi — Z*% (gv z Y - gT z Yi 5 ) 

-grz'M v - <?r V7 5 ) v, - gi z>% v - si V7 5 ) e , 

(5.35) 

and 

£ q = -e (^u^Ui - ^da^d^J 

-o£r z ^ v - *r vv 5 ) u t - t^z'ii orfr v - <rf- Vt 5 ) * 

z COS u\y z cos t>w 

rvi /X— ( u—Z'j n u-Z'j n §\ „/ fj,-j ( d—Z'j „ d—Z'. a b\ i 

-giZfm [g v 'Y ~ g a 11 ) u i- 9i%i d * \9v 1 ~ 9a 11 ) d i 

(5.36) 
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for the quark interaction. We recall that the Standard Model result for the neutral currents 

£z ° = ( 9 ^ v - J - 4/ "" 7 " 75 ) *' (5 ' 37) 

where 

f-Z°_ T (f) 9 _- 2/j n f-Z°_ T (f) ( roo\ 

9v - I w3 -^sm V w Qem 9a - i w3 {i>.6b) 

and ^2/ cos^vf — fiS is now generalized to include corrections of first order in v/Mj. We 
obtain for the coupling of the Z gauge boson to the leptons 



9v Z = 


2 ( C vza + C *m) 


97 z = 


2 { C viA ~ C "m) 


9v Z = 


2 ( C eLi + C e m ) 


9X Z = 


\ (cL - eg.) 



(5.39) 

while the Z\ couple as 

a v ~ Z ' - - (C Z < + C Z ' ) 
9v ~ 2 V Li fll / 

v -z[ _ 1 „zj \ 

9a — 2 V il ~~ fll / 

«r z; = 5(cS-c£). 

(5.40) 

For the coupling of the quarks to the Z boson we obtain 

9V Z = 2 ( C ULi + C um) 
9a Z = 2 (^"w ~ C URi) 
9v Z = 2 + 

#1 z = 2 ~~ c *™) 

(5.41) 

and the corresponding coupling of the Z\ are 
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u-Z'j _ 1 Z' t \ 

9 a — 2 V 4 / 

9a* 1 = l(c Z d ' L +C Z d ' L ). 

(5.42) 



5.2 Z and decays into fermions 



In the case of the decay of the neutral gauge boson Z into leptons we obtain in the 
massless limit 



(5.44) 



and for its decay into massive (m q ) quarks 
Similar results hold for the Z\ gauge boson 

r(z;^u) = ^i{ {9 'ff + ( 9 '^?) (5.45) 

and for its decay into massive (m q ) quarks 




(5.46) 



5.3 The Drell-Yan cross section 



In e + e~ annihilations and in pp collisions there are some standard signatures for the new 
gauge interactions which can be tested against the Standard Model background, as we 
are going to discuss below. For simplicity we consider the case where only one of the Z\ 
gauge bosons is relevant in the spectrum, being the heavier contributions suppressed. 

The contribution of the 3 diagrams in the computation of the Drell-Yan cross section 
near the resonances is summarized here. There are three diagrams containing an s-channel 
gauge boson, respectively the photon 7, the gauge boson Z and the gauge boson Z' - the 
corresponding squared amplitudes are denoted by A 1 , Az and Az> respectively - plus 
there are their interferences (Ay_z, A^-z', Az-z 1 )- At amplitude level we have 



jq jf jq j.f jq jf 

M = + z z + z z ' (5.47) 

s + m| — HmU 1 ^ p (s) s + m \i ~ ilmll l z : ° z 1 !{s) 
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where / here denotes a generation of leptons and we approximate the width with the 
imaginary part of the 1 loop self-energies IT(s) defined by 



i + r) 



m z T z = ImUf° p {s = m|) = £r*(Z "> «) x 3 f 1 + ^V^) +T, T ^ Z 

(5.48) 

and with a similar expression for the Z' . The decay rates appearing in ()5.48|) are those 
computed in (|5. 44)1 and ()5.43j) or (|5.4fij) and ()5.45|1 for the Z' case. We have included a 
correction factor 3(1 + ol s /ti) in the contribution of the quarks. 

The position of the two massive resonances is sensitive to the ratio v/M and to the 
other parameters of the theory, most notably gpQ. To simplify the notation here we 
denote by e, gz and g' z the three coupling constants of the photon, the Z and the Z' 
gauge bosons. We let p\ and P2 be the momenta of the qq pair, while k\ and k<i are those 
of the final state fermions (leptons). P\ and P2 are the momenta of the two incoming 
protons which in the collinear limit are expressed in terms of the two Bjorken variables 
%\ and X2- pi = X\P\ and P2 = £2-^2- We also define s = X1X2S to be the total energy of 
the initial partons. At parton level we define t\ = {pi — k{) 2 and Ui = (p2 — &1) 2 , with 
s + 1\ + u\ = 0. The partonic contributions to the cross section are given by 



a = / d k5 +( k W + ti + «i)|M|' 



1 



32nsN c 
1 

16ns 2 N r 



dcos9\M\ 2 

dU\M\ 2 (5.49) 



A factor 1/N C has been introduced for color average and with \M\ 2 being the partonic 
matrix element given by 

\M\ 2 = A~ f + A z + A z ,a + Ay_ z + A^ z , + A Z -z<- (5.50) 

The diagram with the photon exchange gives 

,4 



|A 7 | 2 = 8— {t\ +ul) (5.51) 

while the Z gives 

\Az\ 2 = 8g z (D (s) 2 + Dl (s) 2 ) (({g« A z ) 2 + (g« v z ) 2 ) (s 2 + 2t x s + 2t, 2 ) {g f A z f 

4g q A Z 9 f v Z g q v - Z s(s + 2 tl )g{- z + (g(r z f ({g A ~ z f + {g^f) {s 2 + 2t lS + 2 tl 2 )) 



(5.52) 
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where we have introduced the Breit-Wigner propagator (D (s) + iDi(s))D^ with 



D (s) 
D 1 (s) 



u z 



s — m 



(s — m|) 2 + m|r| 



m z T 2 



(s — m|) 2 + m|r| 
™ , <?<t 



-<T + 



m 



2 • 



(5.53) 



The expansion of the propagator for the Z' gauge boson is similar. We use the notation 
D' Q and D[ with mz — > m' z and V z — > ^ z 1 in ()5.53|1 . We obtain the interferences 



A 7 _ z = 16e 2 ^|^ \g A ~ Z g q A ~ Z s{s + 2ti) + tfy *9V{>? + 2t i s + 2 *i) 

V*' = 16e 2 ^^ [rf -Z '^r Z 's(s + 2*0 + g(r Z '9?r Z \s 2 + 2t x s + 2t\) 
while the Z — Z' interference is 



J-Za-Z, 2 



A z -z> = 16g 2 z g z ,(D D' + D l D[)(v 1 s 2 + v 2 t 2 + ^i), 



(5.54) 
(5.55) 

(5.56) 



where 



q-Z q-Z 1 f-Z f-Z 1 . /-Z g-Z g-Z' /-Z' . f-Z/ q-Z' q-Z . g-Z g-Z\ /-Z' 

u i = #1 fi'A #y #y + #y #y #y 9v + 9 a \9a 9v + 9a 9v )9v 

. f-Z' q-Z' f-Z q-Z . f-Z' q-Z f-Z q-Z' . f-Z f-Z' , q-Z q-Z' . q-Z q-Z'\ 

+9 a 9 a 9v 9v +9a 9 a 9 v 9 v + 9 a 9 a K9a 9 a + 9v 9v ) 
^a Z 9 S a Z ' + 9v' Z 9v~ Z ')(9a~ Z 9a~ Z ' + 9 q v ~ Z 9v~ Z ) 

f-Z, f-Z' q-Z q-Z' . f-Z' q-Z q-Z' . q-Z f-Z' q-Z' . f-Z' . q-Z q-Z'\ 

9 a \9a 9 A 9 a +9v 9v 9 a + 9 a 9 v 9y + 9 a + 9v 9v ) 



»2 



V 3 



f-Z, q-Z q-Z' f-Z' . q-Z q-Z' f-Z' . f-Z' q-Z' q-Z . f-Z' q-Z q-Z' \ 

9v \9a 9 a 9 v +9v 9 v 9v + 9 a 9 a 9 v + 9 a 9 a 9 v ) 



(5.57) 



Given the generality of the charges of the model and the presence of additional parameters 
such as the masses of the heavy resonances it is not possible, at this stage, to provide a 
specific estimate of the leading order process. 



5.4 Properties of the axi-Higgs 

Let us now discuss the properties of the physical field that appears in the CP-odd scalar 
sector. We call this field x the axi-Higgs since it is a gauge invariant mixture of the 
bulk axions and the Higgs phase. In a unitary gauge it is proportional to a/ which have 
axionic couplings. As its D-brane basis cousins a 1 , it appears in the Lagrangian through 
a dimension five operator. We have already computed its coupling in the broken phase to 
the gauge bosons. We can also compute the coupling of x to the fermions. 
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The Yukawa couplings provide mass terms for the fermions as well as cubic Higgs- 
fermion-fermion interactions and axion-fermion-fermion interactions. All these can be 
extracted from 

= - #°(uL) Vr> ffi + A+(dL) VTSu« + Hr«) ] ° 2 vi& m + H° d * (di,) Vr^da 

+ H^uiyriem + Hi* e^Tlen, - Hy Lt a 2 T^ Ri + Hje^T^ + c.c. 



with 

Hu = v u+ —i={h Q sin a - H° cos a) + i 0\ x x 
v2 

H+ = -^77+ cos/? 

H° d = v d + -i={h° cos a + 77° sin a) +iO% l x 
V2 

77+ = -^H + sm(3 (5.59) 

the unitary gauge expression for the Higgs fields. In eq. (|5.58|) the bold notation and the 
dagger on the quarks reflects their non-trivial £77(3) transformation property. The Higgs 
field expanded around its vacuum expectation value is to lowest order 

n ■ N cos 

H u = ( v u-\ ) x ~ v u + iN cos fix 

■ N ain f3 

H° = (v d + ■ ■ ■) e »«t+- x ~ w d + iJV sin /?x (5-60) 

where the dots stand for the contribution of the (small) fluctuations of h° and 77° and 
which are negligible for this discussion. Defining 

m di = -VdTft, m vi = -v d T v u (5.61) 

we can write the parts of the effective action that the axion appears (suppressing the 
spinor contraction) as 

+ , JVco8 g + jNsin/3 . ; iVco B /3 j g gig y 

m Mi u^u ffi e «« A + m di d^d ffi e "d + m ei e Li e ffi e «« A + m vi v Li v Ri e v d + c .c. 
fyx + £ xra xtr{GAG} + g x+ - X tr {W + AW~} + g^ X F f A F«. (5.62) 

From the above equations one can see that the couplings of the Higgs fields to the fermions 
in the Yukawa sector will induce an axion-fermion-fermion coupling 

-^ e O^ = ^NcosP (5.63) 
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to the up quark and electron sector respectively and 

ir^Ol^iT^Nsm(3 (5.64) 

to the down quark and right handed neutrino sector respectively. As expected, by doing 
a chiral rotation on the quarks one can make the ^-parameter of QCD vanish. 

The decay rate of \ into two gauge bosons A\ and Ai of mass m\ and mi is given by 

1 



r(x — > A X A 2 



167rm, 



2 2 

m 2 , ' m 2 



<\A\ 2 >, 



where 

and the part involving the amplitude can be computed to be 



x 2 + y 2 + z 2 — 2xy — 2xz — 2yz 



A 



<9 



2 2 

m,m, 



1 



2^ 



x / 2 2 2\ 

~ 2 "'2) 



(5.65) 



(5.66) 



(5.67) 



In our case, the gauge bosons v4 12 can be two gluons, a W ± pair or any of a photon, a Z 
and a Z\. Clearly, in the electroweak channel, the decay that dominates is the one into 
two photons. Including a factor of 1/2 when averaging over the final state, we obtain 



r(x — > 77) 
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(5.68) 



with g xry given in eq. (j4.103|) . This decay rate is to be compared with the rate of the 1 
loop decay h° — > 77 (the only channel for a scalar decaying into two photons available 
in the SM) which is 



r(h° — 77) 



e sin a m 



h° 



1024 ^m 2 w ' 



(5.69) 



with m^o given in eq. 



and sin a in eq. ()4.84j) . In low scale models these two rates 



could be comparable in magnitude or even the axi-Higgs decay could be dominating. 
When x is °ff shell, the axi-Higgs-photon-photon vertex gives a tree level contribution to 
the pp — > 77 cross section. 

The state x is peculiar since it is neither a typical PQ-type of axion jJH] nor a typical 
Higgs field. It is something in between. It inherits properties from both precisely because 
it is a linear combination of the original Higgs and axion fields (for a similar situation see 
|57j). We can summarize then by saying that the mLSOM axion is massive with mass m x 
generated by the V^>$part of the scalar potential (given in eq. ()4.95J0 

2" 



2 Mi 



sin 2(3 
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v 2 sin 2(3 



+ 4Ai + A 2 tan (3 + A 3 cot (3 



(5.70) 
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Strictly speaking to this one should add the usual mass that is generated non-perturbatively. 
This is a small contribution to the mass, proportional to the coupling of the axion to the 
gauge bosons. For the PQ axion this is the only mass generating source which implies that 
if its coupling to the gauge bosons is suppressed then its mass is automatically tiny. This 
(strong) correlation between the (small) mass and the coupling of the PQ axion results in 
computable cosmological and astrophysical effects that put severe bounds on models with 
such axions [58J. Here, as can be seen from eq. (|5.70jl the mLSOM axion acquires from 
spontaneous symmetry breaking a rather large mass which is generically expected to be 
of the order of (9(100 GeV) since it is proportional to v. This property is one inherited 
by its Higgs nature. On the other hand, its coupling to the gauge bosons is given by 
eqs. (14.103)) which show that it is suppressed by the explicit factor of 1/M str contained 
in D, F and C and further suppressed by the factor v/Mj contained in 0/ defined in eq. 
f)4.f)7)l . This property is a remnant of its axion nature. Evidently the mass is essentially 
not related to the gauge boson couplings, i.e. a suppressed coupling does not imply a tiny 
mass as in typical axion extensions of the SM. 

In the fermion sector the situation is slightly different. The PQ axion has a coupling 
to the fermions proportional to its coupling to the gauge bosons and therefore it is equally 
suppressed. The mLSOM axion on the other hand from eqs. ()5.63|) and f)5.64|) is seen to 
have an 0(1) coupling to the fermions. Some relative suppression in the latter due to (3 
(by one or two orders of magnitude) is perhaps still allowed. 

6 Conclusions 

We have presented the mLSOM effective field theory describing universal features of 
orientifold string vacua with a low string scale, in the TeV range. The basic features of 
such vacua have been described in [TBI IT7j. 

Although, the associated string theory has numerous different types of particles, we 
have kept here, for simplicity, the ones that are generically the lightest, namely the two 
Higgs and three extra anomalous U(l) gauge bosons. 

The theory has a gauge group U(3) x £7(2) x £7(1) x U(l)' generated by appropriate 
stacks of D-branes in the string theory. The U(l)' in particular comes from a brane 
wrapping the two large dimensions, and it has therefore a tiny gauge coupling of almost 
gravitational strength. 

The hypercharge is a specific linear combination of the U(l)3, U(l)2 and U(l) factors. 
It is massless and anomaly free. The other three U(l)'s can be identified with a gauge 
version of well known symmetries: baryon number, lepton number and a Peccei-Quinn- 



56 



like symmetry. The extra U(l)'s have triangle anomalies, that as usual in string theory, 
they are cancelled by generalizations of the Green-Schwarz mechanism. As a result the 
three U(l) gauge symmetries are broken, and the associated gauge bosons have (UV) 
masses that can be computed in string theory. 

The theory has a Higgs sector that MSSM-like. The Higgses are charged under the 
anomalous U(l). When the Higgses acquire vevs and break the electroweak symmetry: 

(a) There are additional sources of mass for the anomalous U(l) gauge bosons 

(b) They mix with the Z° with strength of order M|/M s 2 . 

Having seen the ingredients of mLSOM we may reappraise the parametric freedom of 
the effective field theory. We do not include the SM parameters in our counting. 

In the U(l) sector, we have a priori four coupling constants, one for each U(l). How- 
ever, in the case of the U(3) and U(2) groups, it is related to the associated non-abelian 
SM coupling a 2) 3 as [16j 

a/v = — = 6.1 

where g is the associated U(l) coupling, normalized so that all U(l) brane charges are 
integers. The three-coupling constants corresponding to the U(3), U(2) and U(l) branes, 
are therefore fixed from the measured SM coupling constants. The coupling constant of 
the U(l)' is a free parameter. Since the U(l)' brane wraps the two large dimensions, 

Further, the UV mass matrix of the U(l) gauge bosons, can be parameterized by three 
mass eigenvalues and three mixing angles. 

We have kept the Higgs sector of the mLSOM general. There are 4 independent 
quadratic couplings 

fj, u , nt, b, Ai (6.2) 

and the 6 independent quartic couplings 

A UU) A^, A u d, A ud , A2, A3. (6.3) 

Compared to the MSSM Higgs sector whose quadratic part is parameterized by the 4 
parameters /i, , mu i and B and the quartic part that is parameterized by the 2 gauge 
couplings gy and #2 we have 6 additional parameters. However , in a class of vacua that 
are non-supersymmetric orbifolds the tree-level potential is that of MSSM. 

There are many interesting issues that we have not addressed here and that are left 
for future work. 
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(i) There are important constraints of parameters coming from couplings of the Z° 
to fermions, limits on the Higgs sectors as well as other astrophysical and cosmological 
bounds. 

(ii) There are important production cross sections that may be relevant in LHC We 
should mention, pp — > 7, Z° — > Z 0r y, pp — > Z° — > 77, pp — > Z' — > 77, 7Z etc. 

Another issue is that there are particles that eventually should be included in the 
effective field theory as they may relevant for physics. 

• Superpartners. They can be straightforwardly included. The theory will be essen- 
tially the MSSM with three extra U(l) anomalous gauge multiplets. It is interesting that 
unlike the MSSM no R parity needs to be imposed as baryon and lepton number will 
remain as global symmetries. 

• Right-handed neutrinos in mLSOM originate on the U(l)' brane that wraps the two 
large dimensions. This is the reason that the associated masses are small and have the 
right magnitude [17]. One should also include their KK states. They are important in the 
case where there is a single flavor of right-handed neutrino, since their mixing generated 
the requisite structure of the neutrino sector, albeit marginally ^7j. Even in the case 
where there are three flavors of bulk neutrinos, the mixing with KK states may have 
interesting effects. 

• The KK states of the U(l)' gauge boson as well as the graviton are both densely 
populated, as they are sensitive to the large dimensions. They may be responsible for 
ADD-like signals. 

Such issues and their experimental implications need to be addressed in the future. 
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Appendices 



A Comparison with the MSSM Higgs sector 



In the MSSM there are two Higgs doublets H u and H d 



h: 



/ ' 



(a.i; 



with the same hypercharge, accounting for 8 degrees of freedom. There are 3 broken 
generators as in the Standard Model and therefore we expect to find 3 NG-bosons and 5 
physical Higgs states. The potential of the MSSM reads 



V MSSM (H U , H d ) = iB{H T u r 2 H d ) + c.c. + £HlH u + firf d H d 
+\gl{HlH u - H\H d f + \gl(HyH u + H\r a H d f 



(A.2) 



where the quadratic terms contain F-term as well as soft supersymmetry breaking term 
contributions 



III = \fi\ 2 + m 2 Hu , ^1 = \fi\ 2 + m 2 Hd , 



(A.3) 



while the quartic terms represent D-term contributions. The dimensionfull parameter B 
is real. The vacuum that does not break electromagnetism and minimizes the potential is 











(A.4) 



Expanding around the vacuum we find indeed 3 massless NG-bosons, a neutral CP odd 
mass eigenstate A with mass 

2B 



m 2 A o 



sin 2/5' 

a pair of charged Higgs eigenstates with mass 

m 2 H ± = m 2 A o + mly 
and two neutral CP-even mass eigenstates h° and H° with masses 



and 



m 2 h0 



m 2 H o 



(m 2 A o + m| ) - \J (m 2 A0 + m| ) 2 - (2m z om A o cos2 / 9) ; 



{m 2 A o + m| ) + \J (m 2 A0 + m| ) 2 - (2m z om A o cos2/?) s 



(A.5) 



(A.6) 



(A.7) 



(A.8) 
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Expanding eq. (|A.7|) in inverse powers of m^o one concludes that the h° Higgs boson 
mass is smaller than the mass of Z° and therefore radiative effects have to be taken into 
account to avoid conflict with experiment. This is indeed possible due to the large Yukawa 
coupling of the top quark. It is instructive to make a comparison of our potential eq. (|4.1j) 
with the potential eq. (jA.2|) since the structures are quite similar. For the comparison, 
the following identities are proven to be useful: 

(HyH a ) 2 = (HlH a ) 2 , a = u,d 
\HlH d \ 2 = (HlH u )(HlH d ) - \Hlr 2 H d \ 2 

(Htr j H u )(HlT j H d ) = (HlH u )(H d H d ) - 2 \H T u r 2 H d \ 2 . (A.9) 

In order to translate to our convention where the Higgs doublets have the same hyper- 
charge, one has to make the transformations 

H u -^H u H d ^ -ir 2 H* d . (A.10) 

Using the identities eq. (jA.9|) and the above transformation, the MSSM potential can be 
brought in the form 

V^ SSM (H U , H d ) = BH\H d + c.c. + fj*HlH u + fi 2 2 H d H d 

+ 9l){HlH u ) 2 + l -{g 2 + g 2 2 )(H\H d ) 2 - \{g\ + g*)(HtH u )(rf d H d ) 

+ 9 j\H:r 2 H d \ 2 . (A.ll) 

The identifications can be then read off the above potential and eqs. (14. 1|) and f)4.73j) : 

A- ~> /4> ^2 —> /4> q (#1 + 9l) ^uu, A d(i , Kd, -g\ — > A^ d , (A. 12) 



B — >b. (A.13) 

The complex term in eq. (jA.llJ) breaks PQ and therefore it does not appear in eq. (|4.1j) . 
It appears though in the PQ breaking potential eq. (j4.7Hj) as we have seen. The rest of 
the terms in eq. (|4.73J) evidently are not present in the MSSM. 

The first thing that one can immediately see is why the potential eq. (|4.1j) does not 
give mass to the axion. The CP-odd Higgs eigenstate A of the MSSM has been traded 
for the CP-odd axion x i n our model. The mass of A originates exclusively from the 
term proportional to B in eq. (jA.2|) and since such a term is not part of eq. (|4.1j) the 
axion does not get a mass. It is also now clear why the mass of the charged Higgs states 
is given by eq. (j4.41j) . Inspecting eq. (|A.12|) one can see that it corresponds to the part 
in the MSSM charged Higgs mass, proportional to the mass of the ly-boson. The only 
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difference is that instead of the SU{2) D-term origin of the coupling <?2 in the MSSM 
charged Higgs mass, in our model we have an independent coupling X' ud and therefore the 
mass is not directly related to the VF-boson mass. When the potential eq. ()4.73|) is added, 
then the charged Higgs mass acquires a part proportional to b which corresponds to the 
part proportional to B in the MSSM. The axion on the other hand, in the presence of eq. 
(I4.73J1 acquires a mass proportional to b (just as A in the MSSM acquires a mass from 
the term proportional to B) and additional contributions proportional to Ai 2,3- These 
latter contributions are new, not present in the MSSM. Finally, from eqs. (J4.45j) we see 
that for the potential eq. (j4.1|) . the masses of the neutral Higgs states are not related 
to the Z-boson mass as it is the case for the B = limit of the MSSM because the 
couplings \ uu , \dd and X u d are not related in our model to gauge couplings. In particular, 
the light neutral Higgs mass vanishes and the heavy neutral Higgs mass is proportional 
to that of the Z-boson in the B = limit in the MSSM, contrary to our case. For the 
case of the potential eq. ()4.73|) the neutral Higgs bosons masses acquire their MSSM-like 
contributions plus additional terms proportional to Ai j2 ,3. 



B The Lagrangian in the physical basis 

In this appendix we provide the Lagrangian expressed in terms of the physical base. The 
kinetic Lagrangian of the gauge fields is given by 



gauge 



{d,A lv - duA^f - i {d»Z v - d v z,f -i£ (d,Z' Iu - d v Z\rf 

I 

-I (d»W +u - d u w + ») (d^w- - d u W~) 

+i-^T- Un6 w At; + coedwZ" - ^ejZ'A \W v {d v W; - d,W~) 

-w-{d v w; - d»w+)} + \-^7T [(w-w-mw-w-n - (w-w~n 2 ] 

p 2 sm t)\v 



sin 2 9w 
xW +p W- p - 



sinOwAj,, + cosdwZf, - ye/i^ 

9wZn - 7T e I-Zj M 



sm6 w A p + co$6 w Z^ - ^^i z '^ 



sin 6 w A lfl + cos OwZ^- — 



x 



BmOwAV + cos 6 W Z^ - fej^/J W Pj W~ p ; 



(B.l) 



x i = (Qi v l + Qd v d)9i 
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Mj 



(B.2) 



and 



and 



Z» = cos^W^ 3 - sin 9 W A Y + Ci^i 



(B.3) 
(B.4) 



Cmass gauge = m%Z^ + m^W^W' ^ + W^W^W^ + ^ m|, Z'^Z'f (B.5) 

I 

We define 

i 

«J° = + ^ + 

/? } = l^W^ + gyAl + J^tigiK) ( B -6) 
and set g' 2 — gill. We have 

n {u,d) — 

\{9vOi Yl + g 2 0* zl + jj^ m )\(i) 

+\(9yOa y z + 920^ iZ + giOi^AZ^x) 

+\(9 Y Oi YZ , + <7 2 0£ 3Z , + giOi^qUZ'^x) (B.7) 



+\(jSyOi yZi - g 2 0^ z , + gjOi^qijZ'j^x) (B.8) 
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The contribution from the Higgs sector in the quadratic potential is then summarized 
in the expressions 



Cm 9gs i = ^H+d^H- + ^H d»H + ^d,h d»h 



I | i 

+-d,G + d»G- + -dpxPx + ^ E ^G?^G? 



i=i 



+ o m ho + >k + \ m \ + m 2 H± H + H- (B.9) 



i E ( a ? E i° + ^ )E 2 } + <*® 2 Tif + /5 (l)2 sf } + E<<>) (B.10) 



C mx = M T Oj +2i d„G° (0% Z Z» + A AuZ ,Z'f) 



S 2 



(u) 



fB.ll) 



H+d^H- cos 2 (3 - iH-d^H+cos 2 (3 + ig 2 0^ lX H + W '"cos (3 
+ig 2 O*G i H + W- M cos (3 - g' 2 sin ah Q H + W~^cos (3 
+cos ag' 2 H H + W- ^cos (3 - ig' 2 0^xH~W +,x cos (3 
-ig'^G^H-W^cos (3 - g 2 sm ah H-W +fl cos (3 
+cosag' 2 H H-W +>1 cos (3 - isin (3 H+d^G- cos (3 
+isin (3H~d lx G + cos (3 - isin (3G + d^H~cos (3 
+isin(3G-d >1 H + cos(3 - ig' 2 0^sm (3 X G + W^ 
-ig 2 0^sin PG^G+W'^ + ^sinasin / 3G' + /ioW^ M 
-cosa^sin / 3G' + /W M + ig' 2 0^sm (3 X G~W + ^ 
+ig 2 0^ i sm(3G° i G-W + ^ + ^sinasin (3G~h W +tM 
-cosag 2 sm(3G-H W +lx + ism[3 2 G + d^G- 

-ism(3 2 G-d^G + (B.12) 
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~ig' 2 0^ml3xG + W-^ - ig' 2 0*sm /30°0 + W^ 
+g' 2 sin asm (3G + h W- fl - cos ag' 2 sm PG+HoW" 
+icosf3g 2 0* l xH + W- fl + icos Pg^O^H+W 1 
-cos(3g' 2 smaH H + W~^ + cosacos l3g' 2 H Q H + W' 11 
+ig 2 0* l sm pxG'W+v + ig 2 0^sm (3G° i G~W +IJ ' 
+g' 2 sm asm W +M - cos a^sin (3G~ H W +>1 
-icos {3g 2 0^ lX H~W + ^ - icos fig' 2 0\fi\H- W + » 
-cos(3g' 2 smah H-W +tM + cos acos f3g' 2 H H-W + ^ 
+20 x 1 sin ah d^x ~ 2cos aO^H Q d^x 
+20*sin ahod^G® - 2cosaO^H d^G° i 
-20 x lS in a X d^h° - 20* sin aG^h 

+2cos aOX lX d»H° + 2cos aO* G°d"#° (B.13) 



^3 — 

H-H+ cos ft 2 - sin (3G + H~ cos (3 - sm (3G~ H + cos (3 

+sin (3 2 G-G + (B.14) 



v (w) 



0* Y + 20*0*G°x + OfGf + sine* 2 /* 2 

+cos a 2 i/Q — 2cos asin ah H (B.15) 



^ 2 #-# + W^W+cos 2 /3 

-g 2 sm(3G + H-W-»W+cos(3 - g' 2 sm (3G~ H+W'^W+cos (3 
-g' 2 O^H + W-d^ X cos(3 - g' 2 0^H - W + ^d, X cos P 
-g' 2 O^H + W-^G iC osP - g> 2 OXH-W + »d,G° t cos(3 
—ig' 2 sm aH + W~ d^hocos (3 + ig' 2 sm aH~W +fJ/ d^h cos (3 
+icos ag^H+W^^d^hocos (3 — icos ag' 2 H~W + ^d fl h cos (3 
+g' 2 0^xW^d,H-cosP + g' 2 0*G° t W^d,H- cos (3 
-ig' 2 sin aH^W^d^H" cos (3 + icos a g' 2 H Q W + 11 d^H~ cos (3 
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-sm(3d lx G + d t ,H-cos(3 + g^O^W'^ 8^+ cos (3 
+g / 2 O* i G i W- >1 d tl H + cos [3 + ig' 2 smaH W- d^H + cos (3 
—icos ag' 2 H W~^d fJi H + cos (3 — sin (3d^G~ d^H + cos (3 
+g' 2 2 0* 1 \ 2 W-W + 

+g' 2 2 0* 2 Gfw-»W+ + g' 2 2 sin 2 aH 2 W~»W+ 
+ cos 2 ag' 2 2 HlW-»W+ + 2g' 2 2 O^Of tX G° t W^W+ 
+g' 2 2 sin 2 {3G~G + W-^W+ - 2cos ag 2 'sin aH H W »W+ 
+g' 2 0* 1 sin[3G + W~d llX + g' 2 0^sin (3G~W + ^ X 
+g' 2 0lsm(3G + W-»d,G° l + g' 2 O x u sin pG'W^d^ 
-g' 2 OX lS mf3 X W + d^G- - g' 2 Olsin^W + d,G-{x) 
+ig' 2 sin asin (3H W + d^G~ — icos ag' 2 sin (3H W + d fl G~ 
-g' 2 0* 1 smf3 X W-d,G + - g' 2 0* sin (3G*W~ d,G + 
—ig' 2 sin asin (3H W~d[ 1 G + + icos ag' 2 sin (3H W~d^G + 
+ig' 2 sin asin (3G + W' fl d fl h 

-ig' 2 sinasin PG~W + ^d^ho - icos ag' 2 sin (3G + W~^d fJi ho 
+icosag' 2 sin(3G-W +tI d f ,ho (B.16) 



iG + d^G' cos f3 2 - iG-d^G* cos f3 2 - ig 2 0^ lX G + W- cos (3 
-ig 2 2i G° i G + W~ cos (3 + cos ag 2 G + h W~ cos (3 + g 2 sinaG + h W~cos(3 
+ig 2 2 < lX G~W+ cos [3 + ig 2 0$ i G?G- W+cos(3 + cos ag 2 G~h W+ cos (3 
+g 2 sin aG~h W+cos (3 + isin (3H + d fl G~cos (3 — isin (3H~d ll G + cos (3 
+isin (3G + df 1 H "cos (3 - isin PG^d fl H + cos (3 - ig 2 21 sin (3 X H + W~ 

-ig 2 O x sin (3G° i H + W~ + cosa^sin/^otf+W 7 "- + ^sinasin/^otf+W 7 "- + ig 2 0^sin (3 X H~W+ 
+ig 2 2i sin (3G° i H~W^ + cos ag 2 sin (3h H~W+ + g 2 sin asin (3h Q H~W+ 

+isin(3 2 H + d ll H- - isin (3 2 H~ d„H + (B.17) 



icos (3g 2 O x lX G + W- - icos Pg^G^G+W' + cos acos Pg 2 G + h Q W- 
+cos(3g 2 sinaG + h Q W; - ig 2 0^sin (3 X H + W~ - ig 2 0* sin (3G*H + W- 

+cos ag 2 sin (3h H + W~ + g 2 sinasin (3h H + W~ + icos (3g 2 0^ lX G'W^ + icos (3g 2 O^ i G i G~Wj 
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+cosacos (3 g 2 G~h W+ + cos f3g 2 smaG~h W+ + ig 2 0% 1 sin (3xH~W+ 

+ig 2 02iSm j3G®H~W+ + cos ag 2 sm (3h H~W+ + g 2 sm asm (3h Q H~W^ 

+2cos aO^hod^x + 20^8^ ah^d^x + 2cos aO^hod^G® 

+202jSin ah d^G® — 2cos aO^xd^ho — 2cos aO^G^d^ho — 20^8111 axd^ho 

-2O*sinaG°<9 M /i (B.18) 



^3 - 

G-G+cos/? 2 + sin^G+iJ-cos^ + sin/^G-tf+cos/? + smp 2 H~H + (B.19) 



v (d) _ 

0\\ 2 + 20*0*G°x + 2 f Gf + cos a 2 h 2 + sm a 2 h 2 

+2cos asin aH h (B.20) 



g 2 2 G-G + W-W+ cos (3 2 + g 2 2 sm f3G + H~W~W+ cos f3 
+g 2 2 sm[3G~H + W-W;cos(3 + g 2 O^G + W~ d^cos (3 + g^G'W^x! cos (3 
+g 2 0*G + W~d tl G° t cosP + g 2 0* G~W+ d^cos (1 - g 2 0\xK d^G~ cos (3 
—g202 i G?W+d fl G~ cos (3 + icos ag^oW+d^G'cos (3 
+ig 2 svn ah W^ d^G~ cos (3 — g 2 0\\xW~ <9 M G + cos (3 

— g 2 02 i G° i W~d^G + cos (3 — icos ag 2 h W~d IM G + cos (3 — ig 2 sin ah W~d IM G + cos (3 
+icos ag 2 G + W~d fJi h cos (3 — icos ag 2 G~ W^d^h cos (3 + ig 2 sm aG + W~d f _ l h cos (3 
—ig 2 sm aG~ dfJiQCOS (3 + sin f3d il G + d il H~ cos (3 + sin (3d fM G~d ll H + cos f3 
+g 2 2 0l\ 2 W-W^ + g 2 2 0l 2 G° V"W+ 

+cosa 2 g 2 2 h 2 W^W+ + g 2 2 sin a 2 h 2 W~W^ + 2g 2 2 0* 1 0lxG° l W;W+ 
+2cos ag 2 2 smah h W-W+ + g 2 2 sm (3 2 H~ H + W~W+ + g 2 0^sm (3H + W~d^x 
+g 2 0^sm(3H-W+d^ X + g 2 0* sin flH+W^d^ + 2 2 2 *sin/3#-W^G° 
+icosag 2 sin (3H + W~d lx ho — icos ag 2 sin (3H~W^ d^ha + ig 2 sin asm f3H + W~ d^ho 
-ig 2 smasm(3H-W+d^h - g 2 0^sm P X W^d,H~ - <? 2 0*sin ^W+d^H' 
+icos ag 2 sin phoW+d^H^ + ig 2 sin asin phoW^d^H^ — c^O^sm (3xW~d^H + 
— g 2 2i sin (3G®W~d^H + — icos a<7 2 sin f3h W~d^H + — ig 2 sin asm (3h W~d^H + 

(B.21) 
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Other terms 



C e = v l (e?a (t)2 + O^P®* + 0®a® + Of^ + e f^ ( B . 2 2) 



= o 

0^ = 2sin aH — 2cos aH 

0™ = g 2 sm(3G+W- - cos(5g 2 H + W; + g 2 sm(3G-W+ - cos(3g 2 H-W+ 

6 { $ = g 2 smPG + W- - cos (3g 2 H + W~ + g 2 sm0G~W+ - cos Pg 2 H~W+ + 20*^ X 

= 2smaH W~W+g 2 2 - 2cos aH W~W+ g 2 2 + isin (3W+d^G~ g 2 

-ism{3W-d^G + g 2 (B.23) 



^ = 

^ = 2cos aH + 2sin aif 

0$ = cos(3g 2 G + W- + «? 2 sin /3H + W~ + cos^G"^ + ^sin/3//-^ 
8$ = cos Pg 2 G + W~ + g 2 smPH + W~ + cos {3g 2 G~W+ + g 2 smpH'W^ 

ef ] = 2cos aH W-W+g 2 2 + 2smaH W-W+g 2 2 + icos (3W+d»G~g 2 

-icos(3W-d»G + g 2 (B.24) 
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